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The purpose of this research was to study the effect of
seat-tube angle (STA) variation on various cardiorespiratory
variables in trained competitive triathletes and cyclists
during steady-state bicycling.Twenty-five trained
competitive triathletes and cyclists participated in four
successive submaximal tests at a work rate that approximated
70% of their maximal oxygen consumption (vow).Each test
corresponded to one of four STA's being tested (69°, 76°,
83°, 900).All subjects performed a iohtest on a cycle
ergometer at least 48 hours prior to the submaximal testing.
To be considered for the investigation, the following were
required of subjects:1) a minimum of two years competitive
experience; 2) be training for the upcoming season; 3) and
the subjects must have used aerodynamic handlebars on a
regular basis during the three months prior to testing.
To test the effect of STA, the ergometer's dimensions
were set to match the subject's own racing bicycle except
for STA.This setup was accomplished with a speciallyconstructed stem and seat post that allowed variable fore-
aft positioning.The order of STA's tested was
counterbalanced to control for order effects.A three
minute warmup was followed by 10 minutes of riding at a work
rate that approximated 70% of the subject's 702,, at
90 RPM while using aerodynamic handlebars.This was
followed by 25 minutes of rest until the next submaximal
test.
A one-way repeated measures ANOVA determined that seven
of the eight dependent variables showed significant
differences between means at the treatment STA's (p<0.05).
Relative and absolute s)02, HR, J, RPE, i002, and RQ all showed
significant differences while 4,p02 did not.The seven
variables with significant differences all had significant
negative linear trends (p<0.05) that maximized at the means
at 69° and minimized at the means at 83° and 90°.All seven
variables showed the means at 83° and/or 90° to significantly
differ from the means at 69°.
These results demonstrate that the 83° and 90° STA's are
more advantageous at a constant work rate than the 69° STA
when using aerodynamic handlebars.The findings of this
study help to validate the claims made by many top
professional triathletes about the performance enhancing
potential of using a more forward STA from the standard
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CHAPTER ONE
Introduction
Introduction to the Problem
The Starley Brother's Rower Safety Cycle, created in
1884, is considered the forerunner of all modern bicycles
(Schmitz, 1990).Except for the materials used to construct
the different parts of the modern bicycle and its finished
appearance, the functional characteristics differ very
little from the Rower Safety Cycle.Modern bicycles have
changed so little, in fact, that cyclists using the Rower
Safety Cycle in the late nineteenth century could ride off
on a modern bicycle without hesitation.This lack of change
implies that research has created this design for its
overall ability to allow a bicycle racer to maximize his/her
performance capabilities.However, such is not the case.
In the early twentieth century, when bicycle racing was
fast becoming one of the most popular spectator sports in
Europe, very few rules existed limiting the design of a
bicycle in international competition (Schmitz, 1990).This
laxness changed, however, when average competitive riders
using streamlined enclosures and recumbent bicycles began
smashing world records in 1913 and 1932, respectively2
(Schmitz, 1990).The Union Cicliste International (UCI),
the international governing body for competitive cycling,
reacted by passing rules that severely limited the design of
the racing bicycle (Schmitz, 1990).Today's UCI still
enforces these rules in international competition in a
slightly modified form.Therefore, it is the UCI's attempt
to standardize the racing bicycle that has severely limited
its evolution.
Despite the apparent rigidness of the UCI rules, a
certain amount of freedom is still allowed in the design of
bicycles and equipment for optimizing performance.The 1984
U.S. Summer Olympics cycling team's low profile "funny"
bikes, composite disc wheels, and teardrop shaped helmets
are good examples of this (Melton, 1990).More recently,
the use of aluminum, titanium, and carbon fiber frames,
aerodynamic frame tubing, aerodynamic handlebars, clipless
pedals, disc wheel covers, and composite tri-spoke wheels
have pushed the UCI rules to the limit.Another recent
design modification has been the steep seat-tube angles used
by many professional triathletes (Newkirk, 1989).
Triathletes compete in races that involve swimming, cycling,
and running, consecutively.The seat-tube angle (STA) is
the position of the bicycle's seat (or saddle) relative to
the crank axle of the bicycle (see Figure 1).Road cyclists
typically use STA's between 72° and 75°, while the steeper
STA's used by some professional triathletes range between3
Figure 1:Conventional Measurement of
Seat-Tube Angle.
78° and 90° (Drake, 1990).The steepest STA's (85-90°) are
illegal in races sanctioned by Tri-Fed (Triathlon
Federation/USA) but not in those sanctioned by the UCI or
USCF (United States Cycling Federation).Road cyclists ride
at 72-75° because it is generally accepted by professional
road cyclists to be the most effective position for
racing.The triathletes claim, however, that the more
forward STA's allow for greater comfort, the generation of
more power (Drake, 1990; Howard, 1990) and greater
efficiency (Drake, 1990) and thus are able to travel faster
at the same relative level of effort.Mark Allen, a top
professional triathlete, used a very steep STA while winning
all 9 professional races he entered in 1990, including the
Hawaiian Ironman World Championship.In contrast, Greg
Lemond, a top professional road cyclists who won the Tour de4
France in 1989 and 1990 as well as the Professional World
Championships in 1989, favors a rearward STA of 72.5°
(Drake, 1990).Apparently, there is great ambiguity
regarding the optimal STA, if one exists at all.
One of the few studies that addresses the issue of
optimization of STA in the range used by cyclists and
triathletes is a biomechanical study by Gonzales and Hull
(1989).Their study attempted to optimize five variables
(cadence, crank arm length, STA, seat height and
longitudinal foot position on the pedal) using a joint
moment-based cost function.The optimal STA was found to
vary with rider size.The tallest subject (193.0 cm)
required a 73.2° STA to minimize the joint moment loads,
while the shortest subject (162.6 cm) required a 78.3° STA.
Another biomechanical study by D. Too (1988) investigated
the effects of STA on work output and joint angles at STA's
between -10° (10° below the horizontal) and 90°.The 15° STA
was found to allow a significantly greater total work output
and cycling duration than in all other STA's.Since neither
experiment was performed with the concurrent collection of
physiological data, it is unknown whether the results of
Gonzales and Hull (1989) or Too (1988) also reflect
optimization of physiological parameters.
Wind tunnel tests have shown that a more forward STA
tends to force the body into a more aerodynamic posture when
using aero handlebars (Kyle, 1989). Therefore, the more5
forward STA's may be more aerodynamically advantageous, but
the physiological effects of such a change are unknown.
Presently there are no studies directed at the STA's used by
cyclists or triathletes that have scientifically examined
the effects of changing the STA on physiological parameters.
Statement of the Problem
The purpose of this study was to determine whether
specific cardiorespiratory variables change while cycling at
a fixed work rate with aerodynamic handlebars at different
seat tube angles.The parameters investigated are oxygen
consumption (i702), heart rate (HR), expired ventilation (v,),
rating of perceived exertion (RPE), carbon dioxide
production (im02), respiratory quotient (RQ), and ventilatory
equivalent
Research Hypothesis
The dependent variables will minimize at one of four
STA's (69% 76% 83% 900) when cyclists are tested at a
constant work rate using aerodynamic handlebars.
Statistical Hypothesis
The cardiorespiratory variables under investigation
will differ significantly at the four levels of the
independent variable (STA).6
Ho: Mi = pj
Ha: pipi, where pi <pj
Mi and Mi are population means representing any two levels of
each dependent variable for the four seat tube angles.
Significance of the Study
Research has clearly demonstrated the benefits of
optimizing the aerodynamic posture of the cyclist (Kyle,
1989).It has also been demonstrated that a more forward
STA can allow cyclists to flatten their back enough to
achieve a more aerodynamic posture (Drake, 1990).Since the
capability of the cyclist to perform optimally is dependent
upon his/her ability to effectively transfer the work of the
body to the drivetrain of the bicycle, it is vital that the
physiological consequences of changing the STA be known.
The effects of STA on cycling performance could be
investigated in many ways:1) tests of maximal oxygen
consumption at the various STA's;2) biomechanical analysis
of the forces applied to the pedals for different STA's;3)
kinematic analysis of the lower body at the different STA's;
4) submaximal testing at the different STA's.This study
will concentrate on the latter method by investigating the
effects of STA on the aforementioned physiological
parameters at a submaximal work rate.7
Definitions
Aerodynamic (or "aero") Handlebars refer to any number
of different designs of narrow profile handlebars and
handlebar add-ons whose primary purpose is to place the
rider into a narrow profile position.
Clip-on Handlebars are a design of aero handlebar that
clip onto the standard drop handlebars.
Drafting is a technique used by cyclists to decrease
air drag.By riding directly behind and as close to another
rider, a cyclist can greatly decrease his/her air drag and
thus ride at the same speed at a lower energy expenditure.
Drop Handlebars refer to the standard style of 10-
speed handlebars that curve downward and back toward the
rider to form a U-shape.
Recumbent Bicycles refers to a specific design of
bicycle that allows the rider to adopt a backward reclining
or laying down position.
Revolutions Per Minute (RPM) the number of 360°
revolutions completed by the crank around the crank axle
each minute.
Seat Tube Angle (STA) refers to the angle between an
imaginary line running between the center of the bicycle
saddle and the crank axle and a horizontal line going
through the crank axle.8
Time Trial is a type of bicycle race where the cyclist
must ride completely alone without the aid of drafting off
other cyclists.
Operational Definitions
Age Predicted Maximum Heart Rate: 220 minus current age
in years (Pollock, Wilmore, & Fox, 1984).
Carbon Dioxide Production( +co2): the volume of carbon
dioxide expired per unit of time (Liters/minute).
Economy: refers to the submaximal consumption of oxygen
(relative to body weight) required to perform a specific
task (Cavanagh & Kram, 1985b).This is also referred to as
Ik)bom, the submaximal level of oxygen consumption at a
constant work rate.
Electrocardiograph(ECG): is an instrument used to
record the changes in electrical activity of the heart.
Hip Angle is the angle formed between the upper body
(torso) and the upper leg (thigh).During movement
activities where the hip angle is changing in a cyclic
manner, the hip angle is often referred to as having a
minimum hip angle (the smallest angle formed), a maximum hip
angle (the largest hip angle), and a mean hip angle (an
average of the minimum and maximum hip angles).
Maximal Oxygen Consumption(iobmj: the rate of oxygen
utilized by working tissues during heavy exercise.Max rc)2
is achieved by a progressively increasing exercise test that9
causes oxygen consumption to plateau, or change very little,
despite further increases in workload (McKardle, Katch &
Katch, 1991).
Minute Ventilation(v,):is the volume of air expired
during a one minute period of time.Usually expressed in
Liters/minute.
Oxygen Consumption(02): the volume of oxygen consumed
per unit time.Oxygen consumption is commonly expressed in
absolute units (liters/minute) or relative to body weight
(milliliters/kilogram body weight/minute).
Rating of Perceived Exertion(RPE): also known as the
Borg 15-Point Scale, is a rating scale ranging between 6 and
20 with a verbal description at each odd number (Borg,
1962).The numbers generally coincide with heart rates
ranging from 60 to 200 beats per minute.
Residual Volume(RV): is the volume of air that remains
in the lungs after a maximal exhalation.
Respiratory Exchange Ratio(RER): is the ratio of the
volume of carbon dioxide (CO,) produced to the volume of
oxygen (02) consumed when the exchange of CO, and 0, at the
lungs no longer reflects the cellular substrate metabolism.
This occurs at or near maximal levels of exercise (McKardle
et al., 1991).
Respiratory Ouotient(RQ): the ratio of the volume of
CO, produced to the volume of 0, consumed during resting or
steady rate exercise conditions (McKardle et al., 1991).10
Trunk Angle is the angle formed between the upper body
(torso) and a horizontal line passing through the hips.
Ventilatory Equivalent: is defined as the ratio of
minute ventilation to oxygen consumption (i7,/i02)(McKardle et
al., 1991).
Vital Cabacity(VC): refers to the maximum volume of air
exhaled after a maximal inhalation.
Delimitations
The generality of the results of this study will be
delimited to trained competitive triathletes and cyclists
between the ages of 18 and 40.
Limitations
The measurement of the physiological variables will be
performed while subjects ride a modified bicycle ergometer
using aerodynamic handlebars at approximately 70% of their
,c)2,,, with a pedal cadence of 90 RPM.
Assumptions
The sample population with respect to a treatment
response is assumed to follow a normal distribution.The
sample variance of each treatment for each group is assumed
to be equal (Devore & Peck, 1986).All individuals within
the sample population will react in a similar manner to the
treatment.11
The following is assumed of experimental error:a) it
is independent within each treatment level and across all
treatment levels; b) it is distributed normally within each
treatment population; and c) the variance due to
experimental error will be equal across treatment
populations (Kirk, 1982).
It is assumed that the subjects will perform a maximal
effort during the test.During this test it is also
assumed that a progressive increase in work output will
result in oxygen consumption up to the level of max im2.
Each subject will accurately follow the pre-test
instructions and will be fully aware of the benefits and
dangers possibly associated with the study and the tests,
respectively.12
CHAPTER TWO
A Review of the Literature
Introduction
The purpose of this investigation was to compare the
effects of four seat-tube angles (69°, 76°, 83°, 90°) upon
metabolic, cardiovascular and respiratory parameters ata
fixed work rate in highly trained triathletes and cyclists.
The issues discussed in the literature review are grouped
into six sections: Seat-Tube Angle; Recumbent Bicycles;
Aerodynamics; Legal Bicycle Specifications; Economy;
Summary.
Seat-Tube Angle
Presently, no investigations have studied the effects
of changing seat-tube angle (STA) on physiological
parameters relative to the positions used by triathletes and
cyclists.In 1989, a biomechanical investigation by H.
Gonzalez and M.L. Hull looked at STA as one of five
variables manipulated to develop an optimized joint moment-
based cost function.The five variables were pedaling rate,
crank arm length, STA, seat height, and the longitudinal
position of the foot on the pedal.The purpose of the study
was to vary the five variables within practical ranges to
devise a model that describes the variables in terms of
their relative importance to the cost function.The
parameters were estimated for three different size males, an13
average size man at 177.8 cm tall and weighing 72.5 kg, as
well as one short (162.6 cm and 58.9 kg) and one tall (193.0
cm and 90.6 kg) man.Using a Schwinn Velodyne electrically-
braked cycle ergometer, the subjects were able to ride their
own bikes (with the front wheel removed) like a standard
wind trainer.At a work rate of 200 Watts (W), hip and knee
joint moments were quantified via kinematic analysis where
STA was allowed to vary between 63° and 83° (from
horizontal).All five variables were found to significantly
contribute to the joint moment-based cost function.STA was
found to be the third most sensitive variable in the cost
function behind pedalling rate (the most sensitive) and
crank arm length.The variables were not found to affect
the cost function independently, but rather were found to
interact with each other and with rider size.When the
joint moment-based cost function was minimized for all
variables, the optimal STA was 73.2°, 75.7° and 78.3° for the
tall, average and short subjects, respectively.
A biomechanical investigation by D. Too (1988) studied
the effects of STA on work output and joint angles.STA's
ranged between -10° (10° below the horizontal) and 90° in 25°
increments.A progressive maximal test protocol was used
for each STA with the subject's upper body in a vertical
position.The upper body positioning was meant to resemble
the positioning commonly used by recumbent cyclists.The
15° STA was found to allow a significantly greater total14
work output and cycling duration (for the max test) than all
other STA's.The author speculate about possible
explanations for the results.
Recumbent Bicycles
Most people are familiar with the standard 10-speed
bicycle that constitutes virtually all racing, touring and
recreational bicycles.Not so familiar are the recumbent
bicycle favored by a small percentage of cyclists.The most
notable difference between standard and recumbent bicycles
is the position of the rider.Recumbents allow the rider to
adopt a backward reclining or laying down position, while
the standard bicycles force the rider into a more upright
posture.In essence, the main difference between the
recumbent and standard bicycles is their STA's.The STA of
a standard bicycle will range between 72° and 76°, while the
STA of a recumbent typically resides between 0° and 30°.The
low riding position greatly reduces the frontal surface area
of the rider and thus allows a rider to travel much faster
on a recumbent than on a standard bicycle, due to the
decreased aerodynamic drag.The recumbents are so fast, in
fact, that they were outlawed by the Union Cicliste
International (UCI) from professional road racing in 1932
(Schmitz, 1990).Besides the studies by Gonzalez and Hull
(1989) and Too (1988) mentioned earlier, the only
investigation of STA have been those looking at differences15
between recumbent and standard bicycles.
Several studies have compared riding recumbent and
standard bicycles for tests of maximal oxygen consumption
(Diaz, Hagen, Wright & Horvath, 1978; Welbergen & Clijsen,
1990) and submaximal tests (Diaz et al., 1978).Welbergen
and Clijsen (1990) chose STA's of 69° and 30° (from
horizontal) for their standard and recumbent bicycles,
respectively.Three cyclists/triathletes and three
recumbent cyclists rode a Monark cycle ergometer outfitted
with a racing type saddle, toe clips and drop handlebars for
two tests of maximal oxygen consumption (102,,,) and two tests
of mean power output.The 402m, and mean power output tests
were given at two different trunk positions for a total of
four trial conditions.At the standard STA of 69°, the
trunk was held near vertical (Standard Sitting) for one test
and horizontal (Standard Racing) for the other, while the
recumbent STA of 30° held the trunk at backward (Recumbent
Backward) and forward (Recumbent Forward) positions for the
two tests.No significant differences were found in ;702mu
between STA's or trunk positions.The vertical trunk
position at 69° had a significantly greater mean power
output from the other three conditions, but no differences
were found among the other positions.Both imbmiand mean
power output displayed the same negative linear trend with
the highest mean values occurring for the standard sitting
position, then standard racing, recumbent backward, and16
recumbent forward with the lowest mean values.The authors
offered Folkow's concept (Folkow, Haglung, Jodal & Lundgren,
1971) as a possible explanation for the effects of trunk and
STA.The total blood pressure difference over the
capillaries in the leg muscle is less in the recumbent
position due to the hydrostatic pressure from vertical blood
columns in the arteries.The authors hypothesize that this
could decrease the blood flow to the working leg muscles and
thus decrease imuuand mean power output.
A comparison of recumbent and standard bicycles by Diaz
et al. (1978) used twelve untrained subjects for irobucand
submaximal( Vohd...) testing.Each subject performed the imuu
and vo 2,0mmtests on a cycle ergometer with STA's of 69° and 0°
(from horizontal).All tests required the torso to be in a
vertical position.Each subject performed two imuthm,tests at
each STA at different constant work rates (360 and 720
kpm/min for men, 360 and 540 kpm/min for women).Unlike the
results reported by Welbergen and Clijsen (1990), emu was
found to be significantly greater at the 69° STA, but no
differences were found between the irozmuutrials.Diaz et al.
also cite Folkow's concept as a possible mechanism for the
differences seen in STA.The obvious differences in body
positions and STA's investigated by the various researchers
makes it difficult to directly compare their results.17
Aerodynamics
The greatest barrier to achieving faster speeds on a
standard bicycle when traveling 18 miles per hour (MPH) or
more is air resistance (Kyle, 1986).Two-thirds of this
resistance is due to the human body, while only a third is
due to the bike (Kyle, 1989).The resistance due to the
human body is called form drag.Form drag is a function of
the cross-sectional area of the human body perpendicular to
the direction of movement (Hay, 1985).Aerodynamic
handlebars (also called aero bars) were developed to help
the competitive cyclist decrease his/her form drag.This is
achieved by moving the elbows in toward the midline of the
body such that a narrower frontal profile is achieved.Wind
tunnel tests by Kyle (1989) showed that the proper use of
aero bars can save as much as one to two minutes in a 40
kilometer time trial.Kyle also showed that when the aero
bars were positioned such that the forearms were flat,
sitting on the front of the saddle caused less form drag
than when sitting on the back of the saddle.This change in
position on the saddle is equivalent to a change in STA.
But when the forearms were not flat, the decrease in form
drag was not observed.Kyle did not mention whether the
distance between the seat and bars was kept constant.Not
keeping this distance constant would cause changes in the
relationship between the position of the arms relative to
the upper body.Wind tunnel tests in early 1990 at the same18
facility (Texas A & M University) showed variable results
for the effect of steeper STA's on form drag (Drake, 1990).
It appeared that the steeper STA's benefitted only those
individuals who achieved flatter backs as a result of the
move forward.This could mean that the flatter back (as
opposed to a back with a hump in it) caused a decrease in
the cross-sectional profile of the rider such that form drag
was decreased.These tests used aero bars and an attempt
was made to keep the distance between the seat and bars
constant.Neither wind tunnel test studied the effects of
STA on a rider using standard drop handlebars.
Legal Bicycle Specifications
Athletes competing in events sanctioned by the UCI
(Union Cicliste International) or Tri-Fed (Triathlon
Federation/USA) must ride bicycles that abide by the legal
specifications outlined by the respective organizations.
The UCI recently modified their rule regulating the fore-
aft positioning of the saddle by allowing the foremost point
of the saddle to be no more than 15 cm in front ofor in
back of a vertical line passing through the crank axle (UCI,
1991).Tri-Fed has a more restrictive rule that allows the
foremost point of the saddle to be no more than 5 cm in
front of or 15 cm in back of a vertical line passing through
the crank axle(Triathlon Federation/USA, 1991).The UCI and
Tri-Fed legal fore-aft positioning specificationsare19
depicted in Figure 2.These specifications are absolute,
meaning that riders with different leg lengths, and thus
different seat heights, are not affected equally by the
specifications.The subjects of this investigation used
seat heights ranging from 66 cm to 81.5 cm.This
information, combined with the UCI and Tri-Fed fore-aft seat
positioning specifications, was used to create legal ranges
of STA's available to the individuals of this study with
reference to the STA's being tested (69°, 76°, 83°, 90°).
Table 1 displays the results and shows that the 90° STA
would be legal for both seat heights in a UCI sanctioned
event, but the 69° STA would not be legal for the highest
seat height.A Tri-Fed sanctioned event would allow the 83°
STA but not the 90° (for both seat heights) or the 69° STA
Figure 2:Legal UCI and Tri-Fed Fore-Aft
Seat Specifications.20
(for the highest seat height).Therefore, the absolute
specifications restricts the taller rider to a narrower
range of STA's than the shorter rider.
Table 1:UCI and Tri-Fed Legal STA Ranges for Bicycles With
66cm and 81.5cm Seat Heights.
66 cm
Seat Height
81.5 cm
Seat Height
Legal UCI STA Range 92°-65° 91°-70°
Legal Tri-Fed STA Range 83°-65° 84°-70°
Economy
An extensive body of research has been devoted to
studying the economy of bicycling.Cavanagh and Kram
(1985b) defined economy as the submaximal consumption of
oxygen (relative to body weight) required to perform a
specific task, or imbomwThis definition differs from the
common English use of the word economy as a reference to
productivity.Economy, as well as power output, have been
particularly important to those studying what Cavanagh and
Kram (1985a) refer to as optimal phenomenon.These
phenomenon are a result of manipulating certain
biomechanical variables through specific ranges to produce
energy cost curves with distinct minima.It is assumed in21
these types of studies that exaggerating the mechanical
adjustment to observe a larger change gives the same trend
as if smaller adjustments were used.Variables previously
investigated in this way are seat height, pedal cadence and
crank length.
Hamley and Thomas (1967) investigated the effects of
seat height on cycling efficiency.One hundred subjects
performed a test that involved the shortest time possible to
complete a preset load of 500 kgm at different seat heights.
The results indicted that a seat height of 109% of symphysis
pubis height was most efficient relative to anaerobicpower
output.The effects of seat height on economy were tested
by both Nordeen-Snyder (1977) and Shennum and deVries
(1976).Both investigations concluded that economy was
minimized at seat heights very similar to the 109% of
symphysis pubis height found by Hamley and Thomas (1967) to
maximize power output.
Studies of optimal pedal cadence at constant work rates
have been numerous.Hagberg, Mullin, Giese and Spitznagel
(1981), using seven competitive road cyclists as subjects,
found that economy (at 80% vo2mJ was minimized at 91
revolutions per minute (rpm) while riding theirown racing
bicycles on a treadmill.Seabury, Adams and Ramey (1977)
used recreational cyclists riding a cycle ergometer to
determine that optimal pedal frequency increasesas the
steady-state work rate increases.Optimal pedal frequency22
ranged from 42 to 64 rpm for a power output range of 40.8 W
to 826.8 W.In 1984, Boning, Gonen and Maassen compared
trained and untrained cyclists using a range of work rates
(50, 100 and 200 W) and pedal frequencies (40, 60, 70, 80
and 100 rpm) on a bicycle ergometer.Differences in optimal
pedal frequency were minimal between trained and untrained
subjects.Boning et al. did find that the dependence of
economy on pedal frequency tended to level out as work rate
increased.
Maximal power output relative to crank length was
investigated by Inbar et al. (1983).Thirteen untrained
male subjects completed a Wingate Anaerobic Test at
different crank lengths ranging from 125 mm to 225 mm.The
optimal crank length (that which elicited the mean and peak
power output) was found to be 150 mm.Carmichael (1981)
investigated the effects of crank length on economy in nine
male competitive cyclists.Riding their own racing
bicycling at 90 rpm and at a work rate that corresponded to
approximately 75 %2 the subjects tested six crank lengths
(150, 160, 170, 180, 190, 200 mm) and found the 150 mm and
160 mm crank lengths minimized economy.
The economy studies mentioned thus far have all
involved bicycling, but some of the best designed optimal
economy studies have been with running and walking.One
such study by Cavanagh and Williams (1982) investigated the
effects of stride length variation in 10 highly trained23
runners on oxygen economy.Seven different stride lengths
were tested for each individual at the same treadmill speed.
One stride length was the subject's preferred stride length,
while the remaining six stride lengths were ± 6.7%, ± 13.4%,
and ± 20% of the subject's preferred stride length.
Subjects were tested for all stride lengths in a single
testing session which consisted of an 8 min warm-up,
followed by seven blocks of an 8-10 minute rest period
followed by a 6 minute data collection period at a randomly
assigned stride length.i'020m,was measured during minutes 4-
6 of the data collection period.The entire testing session
was replicated within four days of each subject's first
visit.A considerable difference in Nk)2,,,,mwas observed
between individuals for the different stride lengths, while
the trends were consistently quadratic.Correlations were
low when optimal 7o,,," was compared to stride length
(r=0.41), leg length (r=-0.44), and stride length expressed
as a percent of leg length (r=0.27).Cavanagh and Williams
concluded that highly trained runners will tend to self-
select a stride length and stride frequency that is very
close to their optimal condition.The authors believed that
this phenomena could be explained by several mechanisms:1)
The runners could have adapted to the preferred stride
length through long-term training, or 2) they may have been
able to perceive physiological variations associated with
stride length and become accustomed to the optimal24
conditions through long-term training.The data collected
did not allow confirmation of either theory.
Summary
The physiological consequences of varying STA relative
to the positions used by triathletes and cyclists are
completely unknown.While a few studies have tested STA's
within the range dictated by the experimental design of this
study (Diaz et al., 1978; Too, 1988; Gonzales & Hull, 1989);
Welbergen & Clijsen, 1990), most studies were directed
toward making inferences about recumbent cycling positions
(Diaz et al., 1978; Welbergen & Clijsen 1990).The only
study that remotely relates to the present investigation
(Gonzales & Hull, 1989) was a biomechanical study that
tested three untrained subjects (one in each subgroup) ina
non-racing posture (they did not useaero bars) and did not
collect physiological data.The more forward STA's may
allow some cyclists to adopt a more aerodynamic profile
(Drake, 1990), but these results were not conclusive.Many
economy studies have been performed to determine optimums in
seat height (Nordeen-Snyder, 1977; Shennum & deVries, 1976),
pedal cadence (Hagberg et al., 1981; Seabury et al., 1977;
Boning et al., 1984), crank length (Carmichael, 1981), and
stride length (Cavanagh & Williams, 1982).In order to
optimize performance, a highly competitive triathleteor
cyclists must have a bicycle that allows the work of the25
body to be effectively transferred to the drivetrain.The
STA of the bike may be an important component in the optimal
biomechanical setup of a racing bike.The lack of similar
research and the success of similar economy studies has
encouraged the design and implementation of this
investigation.26
CHAPTER THREE
Methods and Procedures
Introduction
The purpose of this study was to compare the effects of
four seat-tube angles (69°, 76°, 83°, 90°) upon metabolic,
cardiovascular, and respiratory parameters at a fixed work
rate in highly trained triathletes and cyclists.Testing
was performed in the Human Performance Laboratory of the
College of Health and Human Performance at Oregon State
University, Corvallis, Oregon.This chapter describes the
following sections:subject selection procedures; the
apparatus used; testing procedures; the pilot study;
experimental design; the statistical analysis.
Subjects
Twenty-five trained competitive triathletes and
cyclists volunteered as subjects for this research.The
physical characteristics of the subjectsare shown in
Table 2.Each subject was required to have had at least 2
years competitive experience in their sport and be presently
training for the upcoming competitiveseason.Regular use
of aerodynamic handlebars in their training and/or racing
for at least 3 months prior to their testingwas also
required.A summary of the subjects' athletic backgrounds
and the seat tube angle of their bicycles is given in
Table 3.Subjects were volunteers from the Oregon State27
Table 2:Physical Characteristics of the Subjects (n=25).
Age(yr) Weight(kg) Height(cm) % Body Fat
Men
1 22 71.2 181.6 4.00
2 36 78.7 185.9 15.5
3 19 80.6 185.4 12.4
4 31 74.2 175.3 13.0
5 22 82.9 188.0 9.8
6 27 74.6 177.3 13.5
7 32 71.0 180.1 11.9
8 25 72.3 175.5 10.0
9 20 71.7 175.5 14.6
10 22 68.8 182.4 8.9
11 23 67.1 143.8 7.7
12 24 77.6 182.9 9.9
13 21 67.3 175.5 9.9
14 22 80.2 183.1 19.0
15 22 80.1 189.0 9.0
16 35 75.4 180.8 13.1
17 26 65.0 177.8 8.8
18 21 68.8 177.3 9.9
Mean 25.0 73.8 178.8 11.2
SD (5.2) (5.4) (9.6) (3.4)
Range 19-36 65-82.9 143.8-189.0 4.0-19.0
Women
1 35 52.2 165.6 20.4
2 26 53.2 167.6 19.6
3 36 60.1 167.6 19.1
4 18 57.1 144.3 18.7
5 23 50.8 164.1 12.8
6 34 48.8 160.5 15.1
7 40 63.8 174.2 21.8
Mean 30.3 55.1 163.3 18.2
SD (8.0) (5.4) (9.4) (3.2)
Range 18-40 48.8-63.8 144.3-174.212.8-21.8
All Subjects
Mean 26.5 68.5 174.5 13.1
SD (6.4) (10.0) (11.7) (4.6)
Range 18-40 48.8-82.9 144.3-189.0 4.0-21.828
Table 3:Subjects' Athletic Background and Seat-Tube Angle
(n=25).
Athletic
Background
Athletic
Experience
(years)
Cycling
Mileage
(miles/wk)
Aero Bar
Experience
(years)
STA
(deg)
Men
1Cyclist 4 250 2 76
2Triathlete 5 80 4 77
3Triathlete 2 75 2 76
4Triathlete 6 100 2 76
5Triathlete 6 75 .33 78
6Triathlete 4 80 3 72
7Triathlete 2 110 1 80
8Triathlete 6 170 4 76
9Triathlete 5 100 3 75
10Cyclist 2 300 2 75
11Cyclist 5 300 3 73
12Triathlete 2 60 1 76
13Triathlete 3 100 2 77
14Cyclist. 3 300 2 76
15Triathlete 3 80 2 76
16Triathlete 9 200 3 80
17Triathlete 2 100 .75 78
18Triathlete 2 75 3. 76
Mean 3.9 141.9 2.1 76.3
SD (2.0) (87.6) (1.1) (2.0)
Range 2-9 60-300 .33-473-80
Women
1Triathlete 3 60 1 75
2Triathlete 2 75 .25 76
3Triathlete 9 60 1 76
4Triathlete 2 75 .33 78
5Cyclist 2 300 1 76
6Triathlete 4 60 3 76
7Triathlete 2 100 2.5 76
Mean 3.9 104.3 1.3 76.1
SD (2.0) (87.5) (1.0) (.9)
Range 2-9 60-300 .25-375-78
All Subjects
Mean 3.8 131.4 1.9 76.2
SD (2.1) (87.4) (1.1) (1.7)
Range 2-9 60-300 .25-473-8029
University student body and local communities.
Each subject answered a Medical Questionnaire (see
Appendix A) which served to a) screen out individuals with
known symptoms of heart disease, and b) ensure the subjects
adequately satisfy the minimum requirements for
participation in the study.Each subject signed an Informed
Consent Form (see Appendix B)which included a description of
the testing procedures.An outline of the testing
procedures was approved by the Institution Review Board of
Oregon State University (Appendix C).
Apparatus
Expired Gas Analysis:When measuring 'o2 (oxygen
consumption) during the maximal and submaximal tests, the
equipment was operated in strict accordance with their
respective procedural manuals.An Applied Electrochemistry
S-3A Oxygen Analyzer and a Beckman LB-2 Carbon Dioxide Gas
Analyzer were used for gas analysis, while a Parkinson-
Cowen Dry Gas Meter was used to measure the total volume of
gas inhaled.This equipment was interfaced to an Apple II
Plus computer using the REP-200C Software (1985) by Rayfield
Equipment LTD, Chicago, IL, allowing for continuous,on-
line analysis of expired gases thatare visually displayed
on a computer monitor.Calibration of the gas analysis
system was performed prior to each test.Subjects were
connected to the system by way of a two-way valve and30
mouthpiece that allowed the breathing of room air and
directed the exhaled air into the gas analysis system.
Heart Rate Monitoring:During the test of maximal
oxygen consumption (im,), each subject was continuously
monitored via the three-lead exercise electrocardiograph
(ECG) lead system (Pollock et al., 1984).The three leads
include the four limb electrodes and the V5 electrode.The
ECG monitoring was performed by a Quinton ECG Monitor (Model
633, Seattle, WA) via continuous oscilloscope display and
periodic hardcopy recording.Heart rate (HR) was monitored
through the V5 lead and calculated with use of a calibrated
ruler.A UNIQCICT" ProTrainer (Model 8733) wireless heart
rate monitor (Computer Instruments Corporation, Hemstead,
New York, 11550) was used during submaximal testing.
Treiber, Musante, Hartdagan, Davis, Levy and Strong (1989)
tested the validity of a heart rate monitor to actual ECG
recordings.Using ten 10 year old children, Treiber et al.
achieved correlations of at least 0.98 for a variety of
activities (standing, walking, jogging, throwinga ball,
batting a ball, and playing on a jungle gym).
Modified Bicycle Ergometer:Subjects rode a modified
friction-braked Monark cycle ergometer during the Hobe, and
submaximal (Icithmj tests.It has been shown by Wilmore,
Constable, Stanforth, Buono, Tsao, Roby, Lowdon & Ratliff
(1982) that the calibration of a friction-braked cycle
ergometer using a fabric belt around the flywheel's rimas a31
source of resistance is reliable for submaximal steady-rate
testing.The ergometer was equipped with drop handlebars, a
narrow racing-style bicycle saddle, 172.5 mm aluminum alloy
cranks, and the subject's own pedals and cycling shoes for
both tests.The submaximal testing required further
modifications to the ergometer:a) a seat post that allowed
the STA to range between 69° and 90° (see Figure 3); b) a
further modification to the seat post allows fine
adjustments in seat height (see Figure 4); c) a handlebar
stem that accommodated forward and backward changes
occurring with changes in STA (see Figure 5); and d) clip-
on aerodynamic handlebars by Profile" were added to drop
handlebars (see Figure 5).Figure 6 shows the cycle
ergometer with the modifications.Schematic diagrams of the
modified equipment are located in Appendix E.32
Figure 3:Modified Seat Post That Allowed
Variable Fore-Aft Positioning of Saddle.
Figure 4:Additional Seat Post
Modification That Allowed Variable Seat
Height Positioning.33
Figure 5:Modified Stem That Allowed
Variable Fore-Aft Positioning of
Handlebars.
Figure 6:Monark Cycle Ergometer With
Modified Equipment Set For a 90° Seat-Tube
Angle.34
Kinematic Analysis:Subjects were filmed for the
purpose of acquiring trunk angle and mean minimum hip angle
at each STA as descriptive data (see Figure 7).This data
was collected and analyzed using the following
instrumentation:Panasonic AG-450 camcorder, Panasonic 7300
monitor, a ZENITH 386 Workstation computer, and Peak
Technologies Inc. video analysis software.
A Panasonic AG-7300, SVHS, video cassette recorder
(VCR) and video monitor, BTM-1310Y, were used in the data
analysis.The VCR and video monitor were interfaced with a
ZENITH, 386 Workstation, MS-DOS computer and VGA monitor.
Figure 7:Definition of Trunk Angle and
Minimum Hip Angle (8).35
The video analysis system used in this study was a Peak
2D, Motion Measurement System, version 4.5, developed by
Peak Technologies, Inc.The system provides the user with
electronic cursor can be moved anywhere on thescreen.By
pressing the appropriate mouse button, the x- andy-
coordinates for each specified landmark can be markedon the
monitor screen and stored in the Peak system.
Tests and Procedures
Subjects were required to visit the Human Performance
Laboratory at Oregon State University three times, the first
and last of which were separated by no more than two weeks.
The iolm, and irobthm=tests were separated bya minimum of
48-hours.
First Visit:The first lab visit had two purposes:
1) have the subject perform a702,m, test, and 2) take
measurements from the subject's racing bicycle.Each
subject was verbally informed of the details of the test
procedures prior to signing an Informed Consent Form.After
the subject's height, weight, and age were recorded, the
exercise ECG lead system was attached with electrodes placed
at the shoulders and base of the torso.Heart rate was
monitored through the V, lead.irobm, was directly measured
during a progressively loaded, continuousmax test performed
on the previously described cycle ergometer.After
adjusting the stem height, saddle height, and seat angleto36
fit the subject's comfort needs (see Figure 8), the subject
was connected to the gas analysis system by way of a
mouthpiece and two-way valve.
The max vo2 test began at a workload of 80 Watts (W),
with the subject pedalling at 80 RPM, and the work rate was
increased by 30 W and 25 W per minute for men and women,
respectively.The gas analysis system sampled the expired
gases every 30 seconds, followed almost immediately by a
numeric printout on a printer and a graphic display of the
results on the computer monitor.The work rate
progressively increased at the end of each minute until the
subject was too exhausted to continue."2m, was evidenced by
achieving at least two of the three following criteria: 1)a
plateau of oxygen consumption evidence by a change of 300
ml/kg/min or less with an increase in work load; 2) HR
approaching or above age-predicted maximum; 3) RER above
1.1.Similar criteria have been used in numerous studies
(Pollock et al., 1984).All subjects met at least two of
the three criteria with one sk,hm, test.
The following measurements were made of each subject's
racing bicycle (see Figure 8):1) the height of the saddle
from the saddle's top center to the center of the crank
axle; 2) the horizontal distance between the saddle's top
center and the top of the aero handlebar elbow pads; 3) the
vertical distance between the saddle's top center and the
aero handlebar elbow pads; and 4) the seat-tube angle.37
Measurements 1)-3) were used to reproduce the subject's
racing bicycle dimensions during the submaximal testing.
Schematics of the modified equipment are given in
Appendix E.
Second Visit:The subject's second visit involved
performing 4 successive submaximal tests.After determining
the subject's body weight, he/she was fit with a UNIQCIC"
ProTrainer wireless heart rate monitor.All 4 tests were
performed on a friction-braked Monark cycle ergometer
modified with clip-on aero handlebars by Profile, a racing-
style bicycle seat, 172.5 mm aluminum alloy cranks, the
subject's racing pedals, a custom-built seat post that
allowed the STA to range between 69° and 90°, and a custom-
built handlebar stem that accommodated changes in STA.The
cycle ergometer was adjusted to match the dimensions of the
subject's bicycle for each trial except the STA.Each trial
corresponded to one of 4 STA's being tested (69°, 76°, 83°,
90°).Figures 23 and 24 (Appendix D) show examples of the
69° STA and the 90° STA setups, respectively.Testing order
of the trials was counterbalanced to account for order
effects.The subject was allowed to adjust the saddle angle
and the aero handlebar angle to suit his/her comfort needs
(see Figure 8).Calibration of the gas analysis system
occurred prior to each trial.Prior to the warmup,
anatomical landmarks were identified and marked for filming
with 1.5 inch square reflective tape markers.Markers were38
placed on the left side of the body at the proximal portion
of the lateral condyle of the femur (knee), the greater
trochanter (hip), and at the lateral greater tubercle of the
humerus (shoulder).The subject was then connected to the
gas analysis system by way of a two-way valve and
mouthpiece.The warmup consisted of 3 minutes of cycling at
a work rate that approximated about 50% irozwvFollowing the
warmup, the subject rode at a work rate of approximately 70%
i,02m, at 90 rpm for 10 minutes while a) sitting in the center
of the seat and b) using aero handlebars.HR and Rating of
Perceived Exertion (RPE) recording coincided with thegas
analysis system sampling the expired gasesevery minute for
the last 5 minutes.Filming was performed for the first 10-
15 seconds of minute seven.When the trial ended, the
subject had 25 minutes until the warmup for the next trial
began.The 25 minutes was necessary to accurately change
the dimensions of the cycle ergometer between trials.Borg,
HassmOn, and Lagerstrom (1987) have shown that various
physiological indicators of exercise intensity, such as
oxygen consumption, heart rate, respiration, and lactic acid
build-up are reliably related to RPE during steady state
bicycling.
Third Visit:The final visit tested the subject's body
composition and flexibility in the lower back and
hamstrings.The test of flexibility was performed before
the test of body composition.The Sit and Reach test was39
Figure 8: *Measurements Set for Test (SA, SH & VD),
Racing Bicycle Measurements (HD, SH, STA & VD), and
Measurements Set for Tests (BA, HD, SA, SH, STA,
StH & VD).
*Abbreviations Key:HA = Clip-on bar angler HD = Horizontal distance between the elbow pad and the
saddle's top center; SA = Seat Angler SR . Saddle height/ STA = Seat tube angler StH = Stem Height:
VD . Vertical distance between the elbow pad and the Saddle's top center.
given as a measure of low back and hamstring flexibility
according to the procedures outlined by AAHPERD (AAHPERD,
1980).Jackson and Langford (1989) found the Sit and Reach
Test to have excellent criterion-related validity (r=0.89)
for hamstring flexibility and moderate validity (r=0.59) to
low back flexibility in men ages 20 to 45 years old.
Jackson and Langford did not find the Sit and Reach to
possess criterion-related validity for women of the same age
group for either hamstring or low back flexibility.This
test required the subjects to reach as far forwardas
possible while seated with the legs straight in front and40
the feet flat against a box.Poor lower back and hamstring
flexibility was thought to be a confounding factor in
discerning the population's true reaction to the changes in
the independent variable.
Body composition was measured by way of hydrostatic
weighing to determine body density in an indoor tank
containing water near body temperature (37°C).After
measuring the subject's body weight, at least 5-6 trials
were performed to determine his/her underwater weight, with
the average of the 3 highest values within 100 g of each
other being used.The prediction of total body fat from
body density involved using an equation derived by Brozek et
al. (1963) after chemical analysis of three male cadavers.
Residual volume (RV) was estimated from a vital capacity
(VC) measurement using a 13.5 liter chain-linked, water-
sealed respirometer (W.E. Collins, catalog #06003).Lined
respirometer chart paper (W.E. Collins, catalog #1061) was
used for recording.RV was estimated as (0.24 x VC) for
males and (0.28 x VC) for females (Wilmore, 1969).When
Wilmore compared the calculations of body density, percent
body fat and lean body weight from an estimated RV (as
described above) and directly measured RV for 69 male and
128 female volunteer subjects, he found no statistical
difference.41
Pilot Study
A pilot study was undertaken prior to the collection of
data for this experiment to determine whether the proposed
experimental design was appropriate or not.Specifically,
there was concern about the presence of fatigue after four
successive 402subm, tests and the effect it would have on the
cardiorespiratoryvariables of interest.To determine
whether fatigue would confound the results of the study, two
volunteer subjects (both of whom later participated in the
experiment itself) were tested to the exact protocol of the
602b. testing outlined in the Tests and Procedures section
of this chapter.The only difference being that STA was set
to that of their own racing bicycles.Therefore, all four
trials were at the same STA.This allowed the tester to
determine whether changes in the physiological variables
could be expected during four successive 402,0mxtests when
all other conditions are held constant.
A summary of the results is shown in Table 4.Riding
at 225 Watts, 90 rpm, and the same STA for all trials, the
physiological variables remained very constant.Intraclass
reliability coefficients (R*), measuring consistency
reliability,were 0.98, >0.99, and 0.90 for ,02, HR, and
respectively.All three values of R* are considered very
high.If fatigue was present as a confounding factor, all
three physiological variables would be expected to gradually
increase from Trial 1 to Trial 4.This trend is not evident42
for the physiological variables of either subject.Relative
vo2 and HR were very consistent from trial to trial, while
was also consistent but showed a little more variation.The
results indicate that the proposed experimental design is
adequate for the population being tested.
Table 4:Summary of Physiological Data for Pilot Study
(n=2).
Trial1 2 3 4
Subject #1
in32(ml/kg/min)
Mean 44.83 43.40 43.0243.63
SD (1.88) (3.81) (1.94)(1.12)
HR (beats/min)
Mean 166.9 169.5 169.5169.7
SD
(liters/min)
(1.7) (2.3) (1.9) (1.9)
Mean 79.11 72.92 75.9077.01
SD (5.48) (4.36) (4.89)(2.46)
Subject #2
7()2(ml/kg/min)
Mean 40.90 41.22 40.83 40.65
SD (1.97) (2.35) (1.22)(1.59)
HR (beats/min)
Mean 139.3 140.0 140.1 140.0
SD (1.3) (0.9) (1.1) (1.2)
4, (liters/min)
Mean 70.47 69.93 66.0869.69
SD (3.03) (3.30) (4.90)(3.96)43
Experimental Design
A one-way repeated measures design, using four levels
of factor (69°, 76°, 83°, 90°), served to test the hypothesis
of this study.All four factors were tested during a single
visit.Testing order of the factors was counterbalanced to
control for order effects.Subjects were trained
competitive triathletes and cyclists, which allows
generalization of the results to that population.
Statistical Analysis
The experimental design dictated the use of a one-way
repeated measures analysis of variance (ANOVA) (Kirk, 1982)
with post hoc pairwise comparisons using Tukey's confidence
intervals (Stamm & Safrit, 1975).A comparison of trends
between various subgroups was performed with a two-way ANOVA
at an alpha (a) level of 0.05 and Tukey's post hoc
comparisons.When significant differences were indicated by
the ANOVA tests, trend significance was determined using
contrasts of orthogonal polynomial coefficients within the
ANOVA table (Kirk, 1982).Intraclass reliability for each
dependent variable and trunk angle was calculated using
formulas from Safrit et al. (1980) to test internal
consistency reliability.At an a of 0.05 and effect size of
1.0, a minimum of 23 subjects was required to maintaina
power (B) of 0.80(Kirk, 1982).44
CHAPTER FOUR
Results and Discussion
Introduction
The purpose of this study was to compare the effects of
four seat tube angles (69°, 76°, 83°, 90°) on metabolic,
cardiovascular and respiratory parameters while ridinga
cycle ergometer at approximately 70% of maximal oxygen
consumption (=02.The research hypothesis states that one
of the four seat tube angles (STA) tested would be most
efficient at a constant work rate while using aerodynamic
handlebars.The subjects were given four successive
submaximal tests on a modified cycle ergometer.Each
submaximal test was conducted at a different STA.The
results were analyzed using a one-way repeatedmeasures
analysis of variance (ANOVA) to detect differences between
means of the dependent variables at a = 0.05.Tukey's
confidence intervals were used for post hoc pairwise
comparisons when the ANOVA test revealedan F-ratio greater
than the F-critical value.Following the post hoc
comparisons, a trend analysis was performed to determinethe
statistical significance of the trend.This is different
from a visual trend analysis which simply involvesa visual
inspection of the means plotted on a graph.Intraclass
reliability for each dependent variable and trunk anglewas
calculated to test internal consistency reliability.The
analysis was broken down further into sixsubgroups to test45
the assumption that all subgroups would react in a similar
manner to STA variation.A posteriori statistical analysis
was performed on the subgroups with a two-way ANOVA, Tukey's
post hoc comparisons, and trend analysis at an a of 0.05
(Winer, Brown, & Michels, 1991).The following is divided
into five sections: Group Results; Kinematic Results;
Subgroup Results; Flexibility Results; Discussion.
Group Results
The means and standard deviations (SD) of theimuax
tests, the work rate, and percentage of palm, achieved during
the ,02.,0,,,tests are shown in Table 5.A complete listing of
this information for all subjects is given in Appendix F
Table 5:Summary of imlw,Tests, i702mWork Rate and
Percentage of vo2max Achieved During imhom,Testing (n=25).
<?0,2max
(ml/kg/min)
Work Rate
(watts)
% of imtm,
(percentage)
Men
Mean 64.8 243 72.1
SD (6.1) (36) (7.0)
Range 54.0-72.5 180-324 61-83
Women
Mean 55.0 162 74.1
SD (8.6) (18) (3.2)
Range 45.7-71.7 126-198 68-78
All Subjects
Mean 62.2 216 72.7
SD (8.4) (54) (6.2)
Range 45.7-71.7 126-324 61-8346
(Table 13).Table 6 displays the intraclass reliability
coefficients (R) for the dependent variables at each level
of the independent variable.Also shown in Table 6 is the
intraclass correlation coefficients (R*) for all four levels
of the independent variable combined.R* was lowest at 0.94
for RPE and highest at 0.99 for imo2, relative 402 and absolute
402.All values of R and R* within Table 6 are generally
considered high for correlation coefficients.
The analyses of the eight dependent variables,
including the means, standard deviations, post hoc
comparisons, and trend analysis are shown in Table 7.All
variables, except ventilatory equivalent W402), resulted
Table 6:Intraclass Correlation Coefficients(R) for each
STA and R* for all levels of STA combined (n=25).
Dependent R at each STA
Variable 69 76 83 90 R*
i702(ml/kg/min)0.95>0.99 0.99 0.95 0.99
i02 (L/min) 0.98 0.99 0.99 0.98 0.99
HR (Beats/min)0.94 0.99 0.99 0.99 0.97
RPE 0.96 0.91 0.93 0.94 0.94
(L/min) 0.98 0.98 0.99 0.97 0.98
RQ 0.83 0.92 0.81 0.96 0.90
,;(2,(L/min) 0.99 0.99 0.99 0.98 0.99
Viro2 0.95 0.96 0.95 0.95 0.9547
Table 7:Summary of Statistical Analysis, Post Hoc
Comparisons,and Statistical Trend Analysis for Eight
Dependent Variables (n=25).
Dependent
Variable
Seat Tube Angle
(degrees)
Statistical
Trend
i702
(ml/kg/min)
69 76 83 90
Mean45.73 45.1044.68 44.79 Linear
SD(5.56)(5.79)(6.14)(5.59)
*
in,2(L/min)
Mean3.17 3.11 3.09 3.10 Linear
SD(.65) (.64) (.65) (.65)
*
HR(bts/min)
Mean152.9 150.3 149.6 149.9 Linear
SD(11.1)(12.2)(13.0)(12.8)
*
RPE Mean14.2 13.7 13.5 13.5 Linear
SD(1.6) (1.4) (1.4) (1.3)
*
ummil
,.,, (L/min)
Mean68.2466.64 65.1666.12 Linear
SD(13.38)(13.21)(12.03)(12.93)
*
RQ Mean .94 .93 .93 .92 Linear
SD (.03) (.04) (.04) (.05)
*
;,,,0(L/min)
Mean2.98 2.92 2.90 2.88 Linear
SD (.60) (.60) (.59) (.59)
*
14/1.702
Mean21.7521.5221.67 21.53 No Trend
SD (2.64)(2.01)(2.76)(2.38)
*Post Hoc Comparisons:Group seans that have solid bars within the same row (beneath the means and SD's) do not differ significantly (p<0.05).48
in significant differences between means and significantly
negative linear trends.The trends of the eight variables
plotted against STA are displayed in Figures 9-16.The 83°
and 90° STA's were significantly different (p<0.01) from 69°
for relative .002 (see Figure 9) and absolute02 (see Figure
10) based upon Fobs(observed F-ratio) = 4.53 and 5.63,
respectively, > Fc3,72)(critical F-ratio based upon a = 0.05,
numerator d.f. = 3 and denominator d.f.= 72) = 2.73.The
mean HR at the 69° STA significantly differed (p<0.01) from
the means 76°, 83° and 90° (F,. = 5.29 > F,(3,72) = 2.73) (see
Figure 11).RPE at 83° and 90° differed significantly
(p<0.01) from 69° (Fob, = 4.31 > F50,72) = 2.73) (see Figure
12).Only the value at the 83° STA fordiffered
significantly (p<0.05) from the value at the 69° STA, based
upon F. =4.02 > Fomm = 2.73 (see Figure 13).The
respiratory quotient (RQ) showed only the mean at 90° to
differ significantly (p<0.05) from that at 69° (Fo=2.86 >
Feg3,72) = 2.73) (see Figure 14).The results of im-o2 showed
that the values at 83° and 90° to significantly differ
(p<0.01) from the value at 69°(F°bs= 4.21 > F50,72) =2.73)
(see Figure 15).The ventilatory equivalent (',p02) showed
no significant trend and resulted in no significant
differences (see Figure 16).49
Figure 9:Relative Oxygen Consumption vs Seat-Tube
Angle for All Subjects (n=25).
Figure 10:Absolute Oxygen Consumption vs Seat-Tube
Angle for All Subjects (n=25).
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Figure 11:Heart Rate (HR) vs Seat-Tube Angle for
All Subjects (n=25).
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Figure 12:Rating of Perceived Exertion (RPE) vs
Seat-Tube Angle for All Subjects (n=25).
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Figure 13:Expired Ventilation (M vs Seat-Tube
Angle for All Subjects (n=25).
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Figure 14:Respiratory Quotient (RQ) vs Seat-Tube
Angle for All Subjects (n=25).
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Figure 15:Carbon Dioxide Expired (Neo2) vs Seat-
Tube Angle for All Subjects (n=25).
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Figure 16:Ventilatory Equivalent ('e /v02) vs Seat-
Tube Angle for All Subjects (n=25).
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Kinematic Results
The means and standard deviations of trunk angle and
minimum hip angle are given in Table 8.Minimum hip angle
increased an average of 5.2° between STA's, increasing a
total of 15.7° from the 69° to the 90° STA.The intraclass
reliability coefficient (R*) for consistency of trunk angle
was 0.90 which is generally considered very high.
Table 8:Trunk Angle (degrees) and Minimum Hip Angle
(degrees) for All Subjects (n=25).
69
Seat-Tube Angle
76
(degrees)
83 90
Trunk Angle Mean 16.9 16.0 15.3 15.9
SD (3.9) (4.5) (3.9) (5.2)
Minimum Hip Mean 33.2 38.7 43.7 48.9
Angle (8) SD (2.8) (4.2) (4.2) (4.2)
Subgroup Results
Three dependent variables (relative ?,02, HR, and i7,) were
analyzed for six subgroups within the whole group of
subjects participating in this study.These analyses were
performed to test the assumption that all subgroups would
react in a similar manner to STA variation.The subgroups
compared were the following:1) men (S,) to women (Se);2)
triathletes (Su) to cyclists (So);and 3) the 13 tallest
subjects (Su) to the 12 shortest subjects (S,).Table 954
displays the means, standard deviations, post hoc
comparisons, and statistical trend analyses of relative 'o2
for the six subgroups.No significant differences in trend
were detected between the three pairs of subgroups.All
subgroups displayed a negative linear trend from the means
at the 69° STA to the means at the 90° STA.The S. and Sm
subgroups were significantly greater than the S. and S.
subgroups, respectively, at every level of STA (p<0.01).
Table 9:Summary of Analysis for Relative o2 of Subgroups.
Subgroup
Seat-Tube Angle
(degrees)
Statistical
Trend
Men(S,)
69 76 83 90
(n=18)Mean 47.32 46.52 45.63 46.44 Linear
SD (4.60)(5.14)(5.13)(5.22)
Women(S,)
(n=7)Mean 41.65 41.4441.1440.57 Linear
SD (5.73)(5.74)(6.13)(5.39)
Cyclists(Se)
(n=5)Mean 47.1846.28 45.21 46.35 Linear
SD (4.55)(4.96)(4.93)(4.71)
Triathletes
(Sm) Mean45.37 44.8043.93 44.40 Linear
(n=20) SD (5.72)(5.94)(5.99)(6.90)
Tall Subjs.
(ST,) Mean48.05 47.23 46.85 46.82 Linear
(n=13) SD (4.76)(5.40)(6.11)(5.66)
Short Subjs.
(Ss) Mean43.2242.79 43.4842.61 Linear
(n=12) SD (5.26)(5.28)(4.86)(5.32)55
The S, subgroup was greater than the Sm subgroup at every
level of STA, but the differences were not significant.
Graphic displays of the subgroup results are given in
Appendix G.
The Analysis of HR for the six subgroups is shown in
Table 10.All three pairs of subgroups showed no
significant differences in trend.All subgroups displayed a
negative linear trend from the means at the 69° STA to the
means at the 90° STA.The S, and Sm subgroups showed
significantly greater means at every level of STA (p<0.01)
Table 10:Summary of Analysis for Heart Rate of Subgroups.
Subgroup
Seat-Tube Angle
(degrees)
Statistical
Trend
Men(S,)
69 76 83 90
(n=18)Mean 153.5150.9150.4150.4 Linear
SD (11.9)(12.8)(12.6)(13.4)
Women(S,)
(n=7)Mean 151.5148.8 147.4148.6 Linear
SD (8.4)(10.4)(13.6)(10.9)
Cyclists(Se)
(n=5)Mean 157.9156.2 151.9153.9 Linear
SD (3.2) (5.6) (5.8)(4.4)
Triathletes
(Sm) Mean151.7 148.8149.0148.9 Linear
(n=20) SD (11.9)(12.9)(14.1)(13.9)
Tall Subjs.
(Sm) Mean155.8 152.8152.8152.2 Linear
(n=13) SD (12.7)(13.7)(13.5)(14.4)
Short Subjs.
(S) Mean149.8 147.6146.0147.4 Linear
(n=12) SD (7.8) (9.6)(11.3)(10.2)56
than the ST. and S. subgroups, respectively.The S, subgroup
was greater than the S subgroup at every level of STA, but
the differences were not significant.
Table 11 displays a summary of the analysis for of
the subgroups.No significant differences in trend were
detected between the pairs of subgroups.All subgroups
displayed a negative linear trend from themeans at the 69°
STA to the means at the 90° STA.The S, and ST. subgroups
Table 11:Summary of Analysis forof Subgroups.
Subgroup
Seat Tube Angle
(degrees)
Statistical
Trend
Men(S)
69 76 83 90
(n=18)Mean73.7872.7970.0571.97 Linear
SD (11.07)(9.77)(9.99)(9.51)
Women(S,)
(n=7) Mean54.02 50.81 52.61 51.05 Linear
SD (6.55)(5.45)(6.44)(7.01)
Cyclists(S.)
(n=5)Mean 66.8965.55 63.0165.88 Linear
SD (5.42)(6.91)(5.67)(7.07)
Triathletes
(STr) Mean68.5866.9165.7066.17 Linear
(n=20) SD (14.69)(14.34)(13.10)(14.01)
Tall Subjs.
(Sn) Mean59.51 57.72 58.3458.78 Linear
(n=13) SD (10.92)(11.24)(10.12)(12.87)
Short Subjs.
(S.) Mean68.2466.74 65.1666.12 Linear
(n=12) SD (13.38)(13.21)(12.03)(12.93)57
were significantly greater at every level of STA (p<0.01)
than the S, and S. subgroups, respectively.The Sc subgroup
was greater at every level of STA than the ST, subgroup, but
the differences were not significant.
Flexibility Results
The subjects were divided into two groups based upon
the results of the Sit and Reach Test (Table 13, Appendix
F): 1) FL, subjects with the lowest measurements (10-25
inches, n=5); and 2) FH, subjects with the highest
measurements (26-45 inches, n=20).Placement of individuals
within the flexibility subgroups was based upon a frequency
Figure 17:Frequency Histogram for Sit and Reach
Test Results.
Sit and Reach Test Results (inches)58
histogram of all flexibility scores (see Figure 17).Three
males and two females were clearly lower than the rest of
the male and female distributions (located between 26 and 45
inches), respectively, and were placed into the FL subgroup.
The other 20 subjects were placed into the F, subgroup.An
analysis with a two-way ANOVA was performed on the two
flexibility subgroups to determine if significant
differences in trend existed.Table 12 gives the means and
standard deviations for HR, and se for the three
flexibility subgroups.The trends of the FL and F, subgroups
Table 12:Summary of Means and Standard Deviations for
Flexibility Subgroups.
Seat-Tube Angle Trend
Subgroup (degrees) Analysis
FL
(n=5)
69 76 83 22_
7(>2 Mean43.9642.8443.4342.87No Trend
(ml/kg/min)SD(7.46) (7.68) (8.27) (8.13)
HR Mean159.2155.6155.3153.4Linear
(beats/min) SD (3.4)(5.4)(4.8)(6.2)
i,e Mean70.1965.1167.4065.13No Trend
(liters/min)SD(18.95)(17.89)(18.64)(17.29)
F,
(n=20)
i702 Mean
69 76 83 90
Linear 46.1845.6645.0245.20
(ml/kg/min)SD (4.87) (5.05) (5.44) (5.06)
HR Mean151.4148.9148.2149.0Linear
(beats/min) SD (11.7) (13.0) (13.9) (13.8)
e Mean67.7667.0264.6166.36Linear
(liters/min)SD (11.50)(11.72)(9.62) (11.57)59
differed significantly for 'o2 and (p<0.05) .402 and
for F, showed no clear trend while 402 andfor F, showed
negative linear trends.The trends did not differ for HR,
but HR for the F, subgroup was significantly greater than
the F, subgroup (p<0.01) at every level of STA.These
trends are shown in Figures 30a-30c in Appendix G.
Discussion
The results displayed a clear trend toward minimization
of the dependent variables at the 83° and 90° STA's.Seven
variables (relative 402, absolute02, HR, RPE, RQ, and i,c02)
showed a significant negative linear dependence.The means
at 69° were significantly greater than those at 83° and 90°
for all variables except RQ and 4e.Even though the values
at 76°, 83°, and 90° were not significantly different for all
eight dependent variables, the significant linear trends are
also important.The significance of the trends implies that
despite the lack of significant differences among means at
the 76°, 83°, and 90° STA's, a trend exists that is not
apparent from the post hoc comparisons alone.A visual
inspection of the significantly negative linear trends
revealed a distinct decrease in the means from the 69° to
the 90° STA, but this trend analysis failed to reveal that
five of these seven variables minimize at the 83° STA and
not the 90° STA.The consistency of minimization at the 83°
places some uncertainty in the trend analysis.60
Collectively, the results suggests that the 83° and 90° STA's
are more advantageous at a constant work rate than the 69°
STA when using aerodynamic handlebars.
The uncertainty in the trend analysis results could be
explained by the flexibility results.The trend of 1'702 and ire
for the F, subgroup was inconsistent with the trends of the
F,subgroup.When the five subjects in the F, subgroup were
removed from the group results (leaving 20 subjects) the
visual trends of the dependent variables did not change but
the significance of the trends changed from linear to
quadratic (p<0.05).Table 14 in Appendix F gives the
details of this analysis.i02 (relative and absolute), HR,
V and RPE all changed from significantly negative linear
trends to significant quadratic trends (p<0.05), while the
visual trends remain unchanged.This indicates that while
the pattern of distribution of the means remains the same
without the F, subgroup, the removal of the variation
associated with the F, subgroup show the means at 83°as the
minimum of a significant quadratic trend instead ofas
deviations from a significantly negative linear trend.It
may be that a person with a lack of lower back and/or
hamstring flexibility may experience an abnormal amount of
tension in these areas when assuming the forward bent
position to use aero handlebars.The lack of flexibility
was then associated with a lack of sensitivity to the
treatment of STA variation.Therefore, with the variation61
of the FL subgroup removed, the trend analysis explained the
visual quadratic trend with a significant quadratic trend,
rather than linear, for five of the variables.It is not
actually known whether a lack of flexibility caused the lack
of similarity between the FL subgroup and the other
subjects.
The considerable variability in degree of reaction to
the treatment of STA positioning between individuals could
also account for the inconsistency of the FL subgroup.The
group results showed a 2.3% and 2.1% decrease in economy
(relative 'o2) from the 69° STA to the 83° and 90° STA's.
Several subjects showed 8.3% and 9.3% (subjects #4 and #13,
Table 15, Appendix F) decrease in economy from the 69° to
the 83° STA, whereas other subjects not in the FL subgroup
showed no trend (subjects #2 and #22, Table 15, Appendix F).
HR andshowed a similar amount of variability.Several
individuals showed a 9.3% decrease in HR from 69° to 83°
(subjects #21 and #24, Table 17, Appendix F), whereas the
group results indicate a much smaller 2.2% decrease.A
single subject showed a 22% decrease in irefrom the 69° to
the 83° STA (subject #4, Table 18, Appendix F), but only a
4.5% decrease was observed for the group's results.
From such observations it can be surmised that the
benefits gained from an 83° or 90° STA will vary considerably
between individuals.The underlying mechanism behind this
variation is not known, though it probably reflects normal62
variation within the population under study.It is
important to consider, though, that a decrease as small as
2.1%-2.3% in economy can be very beneficial to the
performance of a highly trained athlete.Conley and
Krahenbuhl (1980) have demonstrated that economy in a
homogenous group of highly trained runners matched in i02,,,
was highly correlated with performance in a 10 kilometer
race.A broader interpretation of Conley and Krahenbuhl's
results could be that performance in endurance races is
highly related to energy cost.Therefore, even small
decreases in economy can be beneficial to performance in
highly trained athletes.
The subgroup results support the assumption that all
subgroups would react to the change in STA in a similar
manner.The two-way ANOVA showed all pairs of subgroups to
have the same negative linear trend.This conclusion
justifies the emphasis of this experiment on the subjects as
a sample from a population of highly trained athletes who
specifically train for competitive cycling and use
aerodynamic handlebars.
In their study on the effect of stride length on oxygen
economy, Cavanagh and Williams (1982) suggested that optimal
stride length coincided very closely to the athlete's
preferred stride length.Cavanagh and Williams mentioned
that through trial-and-error and perceived physiological
differences, the athletes may have developed asense of what63
stride length was optimal for a given speed of running.A
similar observation was not evident in the present
investigation of STA.The average STA on the personal
bicycles of the subjects was 76.2° (see Table 3, Chapter
Three), yet, the cardiorespiratory variables minimized at
83° and 90°.Several explanations could account for this
discrepancy.One reason is that an effective trial-and-
error manipulation of STA is immensely more complicated and
time consuming than varying stride length when running.
When varying STA, the seat height, stem height, and stem
length all need to change to accommodate the change in STA.
A second reason for the discrepancy is the belief by road
cyclists in the effectiveness of the "classic" road bike.
Road cyclists typically set their own bike dimensions to
match the dimensions of former or present successful
cyclists and not as a result of trial-and-error.The common
ranges of these dimensions used by successful road cyclists
define the dimensions of the "classic" road bike.
Cavanagh and Williams (1982) also suggested that it may
be possible to change a runner's optimal stride and
frequency by training for a prolonged period of time at a
stride length considerably different from the optimal value.
This statement was made in an attempt to explain the lack of
correlation between optimal stride length and leg length.
The results of the present study of STA did not support this
theory.Many of the subjects in this study had been riding64
their current bicycles' dimensions for two to five years and
had ridden 1200 to 4000 miles in the three months prior to
testing, and, yet, the cardiorespiratory variables minimized
at 83° and 90°.This suggests that the results of this study
are not due to specific trainingadaptations of the
subjects, but rather is a general principle that is evident
despite the subjects' specific training.
The results of this investigation imply that the
current use of 72°-75° STA's for time trial riding may not be
optimal for maximizing a cyclist's performance capability.
The steeper STA's, 83° and 90°, were associated with a
minimization of seven of the dependent variables.This can
be interpreted as a minimization of the energy demands
placed upon the body to perform the task of cycling at
approximately 70% of No The mechanism most likely to
account for the phenomena observed in this study is a shift
in the "effectiveness" of pedalling (Lafortune & Cavanagh,
1983).This mechanism involves the general ability of the
human body to apply a force in a manner that best produces
the desired results.If the application of the force is not
performed in a manner that allows for optimal coupling of
the human body to the tool or machine, then energy is
wasted.Lafortune and Cavanagh (1983) used the term "force
effectiveness" to describe the force applied by the rider
relative to the component of that force actually used in
propulsion.The component of the applied force not used for65
propulsion relative to the applied force was used to
describe the degree of inefficiency of the riders.It is
generally considered that "force effectiveness", or the
optimal application of force, is a primary component of
skilled performance.When STA was varied for this study,
the human-to-machine interface was being varied
systematically.This is verified by the step-wise increase
in mean hip angle form 33.2° to 48.9°.In doing so, it is
thought that the effectiveness of pedalling could have been
affected by changing the STA, as reflected by the
minimization of the dependent variables at the 83° and 90°
STA's.Therefore, the minimization of cardiorespiratory
variables at the 83° and 90° STA's could reflect a
minimization of inefficiently applied forces.Of course,
this is not actually known since force data was not
collected.
Another way to interpret these results is that if i702,,b,,,
had been maintained at a constant level over the four STA's
(which would be extremely difficult to do), steady-state
power output would have maximized at the 83° and 90° STA's
and minimized at the 69° STA (see Figure 18) due to the
minimization in wasted energy.Since the design of this
study dictated that work rate be constant from trial to
trial, the linear trends were seen in the cardiorespiratory
variables monitored.The change in power output, at a
constant ,02,b,, could come from a change in the66
Figure 18:Possible Power Output for Steady-
State i,023bm,With Variations in Seat-Tube Angle.
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effectiveness of the application of forces to the pedals.
Nordeen-Snyder (1977) investigated the effect of three
levels of seat height on economy in oxygen consumption.
Seat heights of 95%, 100%, and 105% of trochanteric leg
length elicited mean iro2 values of 1.69, 1.61, and 1.74
L/min, respectively.The amount of change in im2 between
extremes of seat height (0.13 L/min) was greater than that
observed for STA in the present study (0.08 L/min).A
mechanism was not proposed to explain the differences in
oxygen economy, but Nordeen-Snyder did observe kinematic
changes associated with the physiological changes.She
found that the range of motion at the ankle and knee changed
in a systematic manner with changes in seat height.The
range of motion at the hip did not change, but the minimum
and maximum point in the range changed systematically.The67
pattern of motion of the foot (often referred to as ankling)
did not change.The limited kinematic analysis of the
present study found that the mean minimum hip angle
systematically increased from 33.2° at the 69° STA to 48.9°
at the 90° STA (see Table 8).Because the seat height was
kept constant for all STA's, it is likely that the range of
motion at the ankle, knee, and hip, as well as the minimum
and maximum points of the ranges changed in a systematic
manner from the 69° to the 90° STA.This conclusion is
supported by the results of Too (1988), who found that hip,
ankle, and knee angle systematically increased while ankle
angle decreased when subjects performed a progressive
maximal test protocol at five STA's ranging between -10°
and 90°.
Gonzales and Hull (1989) concluded that optimal STA
varied with rider size.The optimal STA for the tallest
rider was found to be 78.3°, while the shortest rider had an
optimal STA of 73.2°.These results are difficult to
compare to the present study because Gonzales and Hull were
manipulating five variables simultaneously (pedaling rate,
crank arm length, STA, seat height, and foot position on the
pedal), whereas the present study manipulated only one
variable (STA).Gonzales and Hull also failed to mention
anything about the positioning of the torso during the
tests.In addition, it is always very difficult to compare
biomechanically-based results with physiologically- based68
results.The validity of such a comparison with STA is
unknown since it has never been investigated.
It is commonly accepted that the performance of a
competitive cyclist is greatly dependent upon the adequacy
of the link between the cyclist and the bike.The
investigation of STA in the present study clearly
demonstrates that fore-aft positioning of the saddle should
be an important consideration in the set-up of the bicycle.
This conclusion seems to validate the claims ofmany top
professional triathletes that a more forward STA from the
normal 72°-75° can enhance performance when using aerodynamic
handlebars.However, the results of this study do not
necessarily invalidate the common usage of 72°-75° STA's by
road cyclists.The primary difference between cyclists and
triathletes is the position of their bodies when they ride
in training and competition.Triathletes typically train
and compete exclusively in an aerodynamic position with aero
handlebars.This is a necessity, since triathlon
competitions require the athletes to ride without the aid of
drafting from another rider.Drafting occurs when one
cyclist rides as close to, but directly behind, another
cyclist to benefit from the decrease in air drag.Road
cyclists have no such drafting rules in normal competition.
Cyclists will typically ride within a pack of riders fora
large portion of the race, rarely riding alone inan
aerodynamic position for long periods of time.69
Figure 19 displays the evolution of positions used by
competitive triathletes.The Upright Position is the
standard positioning and STA favored by cyclists when riding
in a pack or up a hill.When riding up a steep hill, the
rider's speed will decrease enough that aerodynamic
positioning is not beneficial, so the rider adopts the
Upright Position, which gets the rider up the hill the
fastest.Before the invention of aero handlebarsthe
Standard Racing Position was the typical posture adopted by
cyclists and triathletes when riding alone in a time trial.
When aero handlebars were invented, the Standard Aero
Position was adopted.This position was the same as the
Standard Racing except that the front profile of the
cyclists had been reduced, which decreased aerodynamic drag.
The competitive triathlete of today is shown in the Steep
STA Position, where the trunk is in the same position as in
the Standard Racing and the Standard Aero, but the STA is
very far forward.The difference between the preferred
positions of road cyclists (Upright Position) and
triathletes (Steep STA Position) is more of a spacial
difference than an absolute difference.If rotated counter-
clockwise, the Upright Position of the cyclists becomes the
Steep STA Position of the triathlete.A similar hip angle
in the Steep STA Position could allow for the greaterpower
output that road cyclists perceptually feel in the Upright
Position.Intuitively, this makes sense because cyclists70
Figure 19:Changes in Hip Angle Relative to STA and Upper
Body Positioning Variations.
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have always adopted the Upright Position for climbing long
steep hills, a task that requires much more effort to
maintain a steady state than on the flats.
Similar comparisons are possible with previous studies
of STA and body position.The study of recumbent
positioning by Too (1988) varied STA while the torso
remained in a vertical position.Figure 20 shows the
different body positions achieved with reference to themean
minimum hip angles at each STA.Too found that the 15° STA
allowed subjects to perform a significantly greater total
work output and cycling duration than the other STA's
tested.The 15° STA was associated with a mean minimum hip
angle of 56.5°, while the 90° STA of the present
Figure 20:The Change in Minimum Hip Angle at Various
STA's by Too (1988).
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investigation was associated with a 48.9° mean minimum hip
angle.Despite the obvious difference in hip position over
the crank axle, the body positions most associated with the
optimal phenomena observed by Too and the present study are
very similar (see Figure 20).In fact, the mean minimum hip
angle at the -10° STA (25° down from the 15° STA) of Too's
study was 37.6°, which is very similar to the mean minimum
hip angle of 33.2° for the 69° STA (21° down from the 90° STA)
of the present study.
A comparison of the body positions tested by Welbergen
and Clijsen (1990) is also possible.Figure 21 shows the
two standard bicycle positions tested and the approximate
changes in hip angle associated between the two positions.
Figure 21:The Approximate Change in Hip Angle
by Welbergen and Clijsen (1990).
Standard Sitting and
Standard Racing Positions
Recumbent Backyard and
Recumbent Forward Positions73
It should be noted that Figure 21 was created from the
written description of the experimental design by Welbergen
and Clijsen (1990) and not from collected data presented in
their results.Their Standard Sitting Position (mean hip
angle = (3.) is very similar to the Upright Position (mean
hip angle = 49w) of Figure 19.Welbergen and Clijsen found
the Standard Upright Position to result in a greater and
a significantly greater mean power output over the other
positions tested (p<0.05).The Recumbent Backward and
Forward Positions were meant to have equivalent trunk angles
to the Standard Upright and Standard Racing Positions,
respectively (see Figure 21), except at a 30° STA.An
interesting aspect of these results not mentioned by
Welbergen and Clijsen is that the decrease in 102, and mean
power output is associated with a progressive decrease in
mean hip angle.Welbergen and Clijsen used Folkow's concept
to explain their results.They explain that due to the
hydrostatic pressure from vertical blood columns in the
arteries, the total blood pressure difference over the
capillaries in the leg muscle is less in the recumbent
position.This creates a decrease in the blood flow to the
working muscles thus a decrease in imbm, and mean power
output.Welbergen and Clijsen did not seem to notice the
correlation between their results and hip angle.The
association of hip angle with their results seems a simpler
explanation.74
The results of Too (1988), Welbergen and Clijsen
(1990), and the present investigation are summarized in
Figure 22.A systematic change in the effectiveness of
pedalling as a result of changes in hip angle could explain
the results of all these studies.It is difficult to make a
direct comparison of all three studies due to differences in
orientation to gravity and the crank axle, but the
similarity of hip angles at the point of optimality in each
graph certainly warrants further investigation.
An important factor to consider when hip angle is
changed is that the degree of pelvic tilt is impossible to
experimentally control.When sitting on a bicycle, the
cyclist has the ability to tilt his/her pelvis forward and
thus increase the hip angle while keeping the trunk angle
constant.Some competitive cyclists teach themselves to
adopt a forward pelvic tilt when cycling in a time trial
because it helps to flatten their back (Drake, 1990).The
flatter back greatly decreases the form drag of the cyclists
(Kyle, 1989), but it tends to be a very uncomfortable
sitting position.This forward pelvic tilt performs the
same function in opening up the hip angle as does
the steeper STA's.When Kyle (1989) investigated the
effects of STA on form drag, he found mixed results.Some
individuals showed a great decrease in drag with steeper
STA's while others showed no change in drag.Differences in
pelvic tilt could have caused this discrepancy, becausesome75
Figure 22:Summarized Results of Too (1988), Welbergen &
Clijsen (1990), and the Present Investigation.
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of the subjects, all of whom were professional triathletes
and cyclists, may have adopted a forward pelvic tilt during
the testing.The forward pelvic tilt would have affected
the flatness of the back and thus varied the form drag
measurements.Whether the steeper STA's help to flatten the
back with or without a forward pelvic tilt has yet to be
thoroughly tested.In the present study of STA, the degree
of pelvic tilt may have been a confounding factor.The
potential effect of pelvic tilt variation on the results is
unknown.This variable has never been systematically
evaluated to the knowledge of the investigator.
Until now, only favorable attributes of the Steep STA
Position have been mentioned.Triathletes who train and
race on a steep STA bike are quick to mention that the
Standard Upright Position on a steep STA bike is not as
effective as the same position on a standard STA bike
(Drake, 1990; Howard, 1990).In fact, a new type of seat
post called a Seat Shifter"' has been invented to address
this problem.It functions to allow the triathlete to move
the saddle back and forth between standard and steep STA's
while riding.The invention of such a product gives further
support to the earlier mean hip angle comparisons between
the Standard Upright and Steep STA Positions of Figure 19.
By allowing the rider to vary STA when cycling, the Seat
Shifter"' is allowing the triathlete to maintaina similar
mean hip angle whether in the Upright Position or the Steep77
STA Position. Another potential problem with steep STA bikes
is the decrease in the rider's ability to ride in a straight
line.This problem is created by the increased instability
of the bike handling due to a greater proportion of the
rider's weight resting over the handlebars (Drake, 1990;
Howard, 1990).Such a problem makes it unsafe when riding
with other cyclists or in heavy car traffic.The only way
to solve this problem is with riding experience or with a
different bike design.78
CHAPTER FIVE
Summary, Conclusions, and Recommendations
Summary
In the investigation of the effect of seat-tube angle
(STA) on cardiorespiratory responses, it was hypothesized
that one of four STA's (69°, 76°, 83°, 90°) would be
associated with a minimization of the dependent variables.
Some competitive triathletes have claimed that steeper STA's
(78°-90°) are more advantageous, while most professional
cyclists claim that 72°-75° STA's are more effective for
racing.Previous investigations of STA have either been
biomechanical in nature or physiological studies of
recumbent versus upright positioning.Gonzalez and Hull
(1989) have performed the only study of STA strongly related
to the present investigation in their attempt to create a
joint moment-based multivariate optimization equation for
cycling.Their study concluded that optimal STA varied with
rider height.
The design of this experiment dictated that subjects
visit the Human Performance Lab on three occasions.The
first visit was for a test of maximal oxygen consumption
(7c>2).The second visit required subjects to perform four
successive submaximal tests at a work rate equivalent to
about 70% of their ,c)2,uvEach submaximal test was performed
on a cycle ergometer set up to match the subject's own
racing bicycle except for STA.The order of STA's tested79
was counterbalanced to account for order effects.During
the third visit the subjects were tested for flexibility in
the Sit and Reach Test and hydrostatically weighed for
percent body fat.
The results were analyzed using a one-way repeated
measures analysis of variance (ANOVA) to determine the need
for further data analysis with post hoc comparisons and
trend analysis.
Conclusions
Based upon the results of four treatment STA's
administered to 25 highly trained triathletes and cyclists,
it was concluded that the 83° and 90° STA's allowed the
cardiorespiratory variables to minimize.The 76°, 83°, and
90° STA's were not statistically different at an a level of
0.05, but the statistical trends of seven variables were
linear with the trends minimizing at the 90° STA and
maximizing at the 69° STA.It was proposed that the
observed optimal phenomena may be explained by an increase
in the effectiveness of the applied pedal forces resulting
in a decrease in inefficiently applied forces.Shifting
from the 69° to the 90° STA was associated with a 15.7°
increase in minimum hip angle.
Individuals with a lack of flexibility, as indicated by
a poor performance in the Sit and Reach Test, could confound
their reaction to the treatments.Reanalysis of the data80
without the five subjects with poor flexibility scores
resulted in seven of the dependent variables minimizing at
the 83° STA.The reanalysis also resulted in the previous
statistically linear trends changing to statistically
quadratic trends.
The results seem to validate the claims made by some
top professional triathletes that the more forward STA's can
enhance performance.At the same time, though, the
preferred 72°-75° STA's of professional road cyclists are not
invalidated because the Standard Upright Position of the
road cyclist is actually very similar to the Steep STA
Position favored by triathletes relative to hip angle.
Current legal restrictions on saddle positioning vary
with the type of racing.Road cyclists competing in races
sanctioned by the USCF (United States Cycling Federation) or
UCI (Union Cicliste International) have less restrictive
guidelines and should be allowed to use the 83° or 90° STA's.
Triathletes competing in races sanctioned by TriFed
(Triathlon Federation/USA) can use the 83° saddle position
but not the 90° position, due to more restrictive
guidelines.Special care must be taken in either case
because all restrictions are relative to seat height and
thus the taller rider has a narrower range of available
STA's than the shorter rider.81
Recommendations
Based upon the findings of this study, the following
are recommendations for future research:
1.Future investigations should concentrate on a
biomechanical analysis of STA variation.A kinetic
analysis with a pedal-mounted force transducer or a
kinematic analysis would both be appropriate.
2.Tests of short-term maximal power output and ;702,
tests at different STA's could also be the subject of
future research.
3.A study should be conducted to replicate the
results of this study but with a narrower range and
greater number of STA's to help define the trend
relationship (linear or quadratic) of economy to STA
variation.
4.Replications of this investigation should emphasize
criterion measures of hamstring and low back
flexibility in an attempt to isolate the factor
associated with the inconsistent results of the low
flexibility group in the present investigation.
5.Future studies should do more comparative testing
of similar body positions, such as the Standard Upright
and Steep STA Positions.Such studies should vary the
hip angle while keeping the STA constant and vary the
STA while the hip angle is kept constant.82
6.An investigation of the effect of pelvic tilt on
mean hip angle is necessary to discern its ability to
confound future results.83
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APPENDIX A
Medical Questionnaire
NAME PHONE
ADDRESS
HEIGHT WEIGHT AGE GENDER
Directions:Circle the appropriate answer or give a short
answer.
1)Have you smoked cigarettes regularly in the last 5 years?
Yes No
2)Have you ever been treated for high blood pressure?
Never In a physicians's office In the hospital
3)Have you ever been treated for "sugar diabetes" (diabetes
mellitus)?
Never With pills With insulin injections
4)Did either of your parents have a "heart attack" or bypass
surgery?
Do not know Neither One Both
If "yes", were they: Under age 50 50 years or over
5)Have you ever had an elevated blood cholesterol level?
Do not know No Yes
6)Do you know your blood cholesterol level?
Yes, mg/100 ml blood91
7)Training information:
a.Are you a triathlete or a cyclists?
triathlete cyclists
b.How long have you been competing in your sport?
c.Are you presently training for the upcoming
competitive season?
Yes No
d.How long have you been training/racing with
aerodynamic handlebars (clip-ons or whole bar
systems)?
e.Describe your present exercise habits in terms of
weekly frequency and approximate mileage or duration.
f.Does your competitive season mileage greatly differ
from what you do in your training now?
Yes No
If "Yes", describe how if differs (briefly).92
APPENDIX B
Informed Consent Form
TITLE: TheEffectofSeat-TubeAngleVariationon
CardiorespiratoryResponsesDuringSubmaximal
Bicycling.
INVESTIGATOR:Daniel P. Heil.
PURPOSE:To investigate the effects of seat tube angle on
oxygen consumption in trained cyclists when the seat tube
angle is varied through a range of 69° to 90° while all other
dimensions of the cyclist's training/racing bicycle
remain constant.
Ihave received anoralexplanationofthestudy and
understand that they entail the following:
All testing will be conducted at the Human Performance Lab in
the Women's Building at Oregon State University. As a subject
I will report to the laboratory on three occasions within two
weeks duration and undergo the tests described below.
1)First visit:The main purpose of this visit is for
me to perform a test of maximal oxygen consumption. This
test willdetermine how wellmy bodycanuptake,
transport, and then utilize oxygen in the working muscles
while riding a bicycle ergometer.I may adjust the seat
and handlebars for my own level of comfort, as well as
use my own cleats and pedals from my racing bicycle.The
test will begin at a light to moderate workload and
progressively increase in exercise intensity at one-
minute intervals until I indicate that I am too fatigued
to continue.The test usually takes about 8-12 minutes
to finish.The effort put forth at the highest intensity
of exercise in the test is comparable to that of a 800
meter running race or a one mile cycling race.During
theexercisetestIwillbebreathingthrougha
mouthpiece, so that the amount of oxygen I am using can
be determined.On this visit,I need to bring my
training/racing bicycle with me to the lab so that its
dimensions are accurately reproduced on the bicycle
ergometer on my next visit. This visit will last about
30-40 minutes.
2)Second visit:During this visit I will perform four
submaximal tests.A bicycle ergometer will be adjusted
to match the dimensions of my own bicycle except for the
seat-tube angle.Each of the four trials will correspond93
to one of the four angles being tested (69°, 76°, 83°, and
90°).For this test it is important that I bring my own
cleats and pedals to make the ergometer as much like my
own bike as possible.During this test I will breathe
through a mouthpiece to allow the determination of the
amount of oxygen I am using.I will be allowed to warmup
before each trial for 3 minutes at 50% of my maximum
oxygen consumption (which was determined on my first
visit).After the warmup, I will pedal at a cadence of
90 rpm and a resistance that corresponds approximately
to 70% of my maximum oxygen consumption capabilities.
I will ride at this level for a total a 10 minutes.When
this time is up I will be allowed to rest for 25 minutes
before the next trial begins.Four trials will be
performed that will take a total of about two and a half
hours in the laboratory to complete.
I will be videotaped from the sagittal (side) view
for 15 seconds during each of my submaximal trials.
Reflective markers will be placed on my shoulder, hip,
knee, ankle, heel and toe.The video record will be used
to compute kinematic data for each of my trials (range
ofmotion,angularandlinearvelocitiesand
accelerations).
3) Third visit:This visit primarily involves a
hydrostatic weiahinq to determine percent body fat. This
test entails sitting in a tank of warm water (97°F) on a
chair suspended from a scale.At the end of performing
a maximal exhale, I will tuck my head under the water and
hold my breath for 2-3 seconds as the scale is being
read.I will repeat these trials for a total of 6-8
times.I will also perform a test to determine my
residual lung volume (the air remaining in my lungs at
the end of a maximal exhalation), which entails my
breathing into a spirometer and maximally forcing as much
air out of my lungs as possible.Two or three trials of
this test will be performed.
A test of flexibility will also be performed during
this visit.Hamstring flexibility is tested using the
commonlyused seat and reach test. This involves
sitting on the floor, with my legs straight in front of
me and my feet flat up against a box, and leaning forward
as far as possible.This visit will last about 45
minutes.
I understand that the test of maximal oxygen consumption has
a chance of precipitating a cardiac event (such as abnormal
heart rhythms) or even death.However, the possibility of
such an occurrence is slight (less than 1 in 10,000), since
I am in good physical condition with no known symptoms of94
heart disease, and since the test will be administered by
trained personnel who will be monitoring electrocardiographic
and other physiological responses to the test.
Thebenefitsofmy participationinthestudyinclude
contributingto thescientificstudyofoptimized body
positioning on a time-trial style bicycle.I will also gain
knowledge concerning my aerobic capacity and body composition.
I understand that the results of my participation in the study
will remain confidential and that I will not be identified in
any way in the presentation or publication of the findings of
this investigation.
I have been completely informed of and understand the nature
andpurposeofthisresearch. Iunderstandthatmy
participation in this study is completely voluntary and that
I may withdraw from the study at any time.
Questionsabouttheresearchoranyaspectsofmy
participationinitshouldbedirectedtoDanHeil,
(office)737-3221or(home)758-5349. Iunderstandthe
Universitydoesnotprovidearesearchsubjectwith
compensation or medical treatment in the event the subject is
injured as a result of participation in the research project.
I have read the foregoing and agree to participate in this
study.
Subject's Signature Date
Subject's Address
Investigator's Signature Date95
APPENDIX C
Application For Approval of the Institution Review Board,
Oregon State University
The Effect of Seat-Tube Angle Variation
on Cardiorespiratory Responses During Submaximal Bicycling
1.SIGNIFICANCE OF THE PROJECT:
The purpose of this investigation is to assess the
effects of varying the seat tube angle (STA) of a bicycle
ergometer on the consumption of oxygen at a submaximal
workload.The STA refers to the forward or backward position
of the bicycle seat relative to the bottom bracket (the crank
arm spindle).Interest lies in whether a more forward STA
(76-90°) is more efficient than the traditional STA range (70-
75°).
2.=1102ajailLEB,MEDMEM
A.Subjects.Twenty-three highly trained, competitive
triathletes and cyclists between the ages of 18 and 40
years will be used for this study.Each athlete will
have a minimum of 2 years competitive experience in his
sport and have continued to train over the present winter
months.Frequent use of aerodynamic handlebars in his
training and/or racing within the previous 3 months is
also required. The athletes will be volunteers solicited
from OSU and local communities by means of posted notices
and word-of-mouth.
B.Equipment.The subjects will ride a Monark bicycle
ergometer during submaximal testing which will have the
following modifications:
i.The seat post has been modified to allow the STA
to be set within the range of 70-90%
ii.The handlebar stem has be modified to accommodate
forward or backward changes that occur with changes
in the STA.
iii.Standard drop style handlebars and clip-on
aerodynamic handlebars have replaced the standard
Monark upright handlebars.A narrow, racing-style
bicycle seat will also be added.
iv.Lastly, the subjects will ride in theirown96
cleated cycling shoes and use their own pedals from
their racing bicycles.
C.Methods.Each subject will be required to visit the
lab on three occasions.The first visit will involve
performing a test to evaluate the subject's aerobic
capacity and the recording of vital anthropomorphic
measurements.Dimensions will also be measured on the
subject's training/racing bicycle. The second visit will
involve riding four submaximal trials on the modified
ergometer (see 1.B.).The second visit will be no longer
than two weeks after the first visit.For each of the
four trials the dimensions of the ergometer will be
modified to match the dimensions of the subject's own
bicycle except for the STA.Each trial will correspond
to a different STA (70°, 76°, 83° and 90°), the order being
randomly determined for each subject.The third visit,
occurring within two weeks of the first ,will involve
a test of body composition and two tests of flexibility.
The subjects will undergo the following laboratory
evaluations: test of maximal oxygen consumption, four
consecutive submaximal tests at 70% of their maximal
oxygen consumption, a test of body composition, and two
tests of flexibility:
i.Test of Max'mal Oxygen Consumption.The purpose
of this test is to evaluate each subject's aerobic
capacityatthebeginningofthesubject's
participationin the study.The test will be
performed on a Monark bicycle ergometer that has
been modified with standard drop handlebars and a
narrow racing seat.The ergometer will be set
according to the subject's comfort.Subjects will
also be allowed to use their own pedals and cleated
cycling shoes.The test will begin at a workload
of80 watts(W)and increase in increments of
30W/min and 25W/min for men and women, respectively.
Trained laboratory personnel, certified in pulmonary
resuscitation, will administer the exercise test.
During the test of maximal oxygen consumption
and the submaximal tests, the subject will breathe
through a two-waymouthpiece to permit
quantification of inspiratory volumes and expiratory
concentration of oxygen and carbon dioxide, from
which volumes of oxygen consumed will be determined.
ii.SubmaximalTests. Subjectswillridethe
modified bicycle ergometer described in 1.B.Each
of the four trials will involve a 3 minutewarmup
at a workload of 50% of the subject's maximal oxygen97
consumption.The warmup is immediately followed by
an increase in workload to approximately 70% of the
subject's maximal oxygen consumption.The subject
will continue at this workload for a total of 10
minutes.At the end of the trial, the subject will
have 25 minutes of rest until the next trial in
which the only factor that will change is the STA.
The four trials will take approximately two and a
half hours to complete.
iii.Test of Body Composition.The body composition
(percentbodyfat)ofeachsubjectwillbe
determined using an underwater weighing procedure
in a specially designed indoor tank containing water
near body temperature (35-37°C).Sitting on a chair
that is suspended from a scale, the subject will
submersethemselvesattheendofamaximal
exhalation and remain underwater for 2-3 seconds
while the scale is read.This procedure is repeated
5-6 times. Residual lung volumes will be determined
by performing a maximal exhalation after a maximal
inhalation into a spirometer.This procedure is
repeated 2-3 times.
iv.Tests of Flexibility.A tests of flexibility
will be performed by each subject on their third
visit just before their test for body composition.
The Sit and Reach Test will be given as a measure
of hamstring flexibility according to the procedures
outlined by AAHPERD(AAHPERD, AAHPERD Health Related
Physical Fitness Test Manual, Washington D.C., 1980,
pp. 19-21). This will require the subjects to reach
as far forward as possible when sitting with the
legs straight out in front and feet flat against a
box.
v.Kinematic Analysis.Adhesive reflective markers
will be placed at the shoulder, hip, knee, ankle,
toe,andheel. Thesemarkersallowangular
displacement,rangeofmotion,angular/linear
velocity,and angular/linear acceleration to be
easily computed in later biomechanical analysis from
a video record.Each subject will be videotaped
from a sagittal (side) view for 15 seconds during
each of their 4 submaximal trials to compare the
differences between conditions.98
3.RISKS/BENEFITS TO THE SUBJECT:
A.Risha.The risk in maximal exercise testing is one
death per 10,000 tests in large, varied populations.
Although, since the subjects will be from a low-risk
segment of the population (young and physically active)
and will be screened to exclude individuals with known
symptoms of heart disease (see Subject Screening and
MedicalQuestionnaire),theactualriskwillbe
considerably less.Recently a study reported no deaths
or morbidity in 353,638 maximal exercise tests completed
on "sports persons"(Cited in Exercise in Health and
Disease by M.L. Pollock and J.H. Wilmore, 2nd ed., W.B.
SaundersCo.,Philadelphia,1990. page294). In
addition, trained personnel will be administering the
test and monitoring the subject for signs of exercise
intolerance (see Criteria for Discontinuing an Exercise
Test).
B.Benefits. Thesubjectswillbenefitfrom their
participation by contributing to the understanding of the
optimization of body positioning on a time-trial style
bicycle. Thesubjectswillalso gain information
concerning their aerobic capacity and percent body fat.
Suchinformationmay beusefultothemin making
decisions relating to their lifestyle and health habits.
4.SUBJECT SELECTION:See 2.A.
5.INFORMED CONSENT:See attached form.
6.BDWIDaLAMDMINITX:
The anonymity of each subject's data will be maintained
by assigning a code number to each subject upon entry into the
study.The code number will be used when collecting data
rather than the subject's name.The list containing the names
of the subjects and their code numbers will only be available
to the researchers in this study.The subjects will not be
identified in any way in the presentation or publication of
the results of this study.
Special safeguards will be taken to keep the video record
confidential.All subjects will be identified by code only.
When notin use the video tape will be locked in the
Biomechanics Lab storage room.
7.MEDICAL OUESTIONNAIRE:See attached form.99
APPENDIX C
Subject Screening Procedures
The subjects in the study will meet the qualifications
of the American College of Sports Medicine for placement in
the Apparently Healthy Individuals classification of people
undergoing exercise testing (the other two categories are
Individuals at Higher Risk and Individuals with Disease). The
Apparently Healthy Individual is defined as "those who are
asymptomatic and apparently healthy with no more than one
major coronary risk factor."
The Major coronary risk factors are:
1. Diagnosed hypertension or systolic blood pressure ?. 160
or diastolic blood pressure 90 mmHg on at least 2
separate occasions, or on antihypertensive medication.
2. Serum cholesterol 6.2 mmol/L (?. 240 mg/di).
3. Cigarette smoking.
4. Diabetes mellitus.
5.Family history of coronary or other atherosclerotic
disease in parents or sibling prior to age 55.
From American College of Sports Medicine, Guidelines for
Exercise Testing and Prescription,4th edition,Lea and
Febiger, Philadelphia, 1991, pp. 5 & 6.100
APPENDIX C
Criteria For Discontinuing an Exercise Test
1.Progressive angina (stop at 3+ level or earlier on a
scale of1+ to 4+).
2.Ventricular tachycardia.
3. Any significant drop (20mm Hg) of systolic blood pressure
of a failure of the systolic blood pressure to rise with
an increase in exercise load.
4.Lightheadedness, confusion, ataxia, pallor, cyanosis,
nausea,orsignsofsevereperipheralcirculatory
insufficiency.
5.Early onset deep (> 4mm) horizontal or downsloping ST
depression or elevation.
6.Onset of second- or third-degree A-V block.
7.Increasing ventricular ectopy, multiform PVCs, or R on
T PVCs.
8. Excessive rise in blood pressure:systolic pressure >
250 mmHg; diastolic pressure > 120mm Hg.
9. Chronotropic impairment:increase in heart rate that is
< 25* beats per minute below age-predicted normal value
(in the absence of beta blockers).
10.Sustained supraventricular tachycardia.
11.Exercise-induced left bundle branch block.
12.Subject requests to stop.
13.Failure of the monitoring system.
* The test reads "< 25", it should read "> 25".
From American College of Sports Medicine, Guidelines for
Exercise Testing and Prescription,4th edition,Lea and
Febiger, Philadelphia, 1991, p. 72.101
APPENDIX D
Figures Not Included in Chapter Three
Figure 23:Modified Cycle Ergometer and
Subject at 69° Seat-Tube Angle.
Figure 24:Modified Cycle Ergometer and
Subject at 90° Seat-Tube Angle.0
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APPENDIX F
Tables Not Included in Chapter Four
Table 13:Expanded Version of Table 3 (Chapter 3) Showing
Data for All Subjects: iND2m,Results, ,02,,,b, ,,Work Rate, Percentage
ofio2m, During 402w= Testing, Plus the Sit and Reach Test
(n=25).
voaxWork Rate
(ml/kg/min)
2ne
(watts)
% of
(percentage)
Sit & Reach
irou= Test
(inches)
Men
1 71.6 234 66 28.2
2 55.0 243 77 19.3
3 54.0 234 82 28.8
4 69.2 270 70 40.5
5 60.1 270 81 43.2
6 60.5 279 73 30.8
7 70.5 234 64 41.0
8 67.1 234 68 26.0
9 66.4 234 68 35.7
10 72.5 234 66 32.3
11 70.5 234 66 43.0
12 70.3 324 83 13.3
13 58.7 180 65 34.5
14 61.6 198 61 13.5
15 55.8 234 75 29.0
16 68.3 297 79 35.0
17 67.2 234 74 30.7
18 66.2 234 80 28.3
Mean 64.8 234 72.1 30.7
SD (6.1) (36) (7.0) (8.9)
Range 54.0-72.5 180-324 61-83 13.3-43.2
Women
1 50.6 130 73 33.5
2 50.6 144 77 24.0
3 59.7 198 74 42.5
4 51.0 153 75 24.0
5 71.7 180 68 39.5
6 55.7 144 78 30.0
7 45.7 153 74 44.0
Mean 55.0 162 74.1 33.9
SD (8.6) (18) (3.2) (8.4)
Range 45.7-71.7 126-198 68-78 24.0-44.0106
Table 14:Group Results for Eight Dependent Variables Without
the Five Subjects in the FL (low flexibility) Subgroup (n=20).
F, and F, Seat-Tube Angle Statistical
Subgroups (degrees) Trend
69 76 83 90
V02 Mean46.1845.6645.0245.2Quadratic
(ml/kg/min)SD (4.87) (5.05) (5.44) (5.06)
*
N:702 Mean 3.20 3.14 3.11 3.13Quadratic
(liters/min)SD(0.58) (0.56) (0.56) (0.57)
*
HR Mean151.4148.9148.2149.0Quadratic
(beats/min) SD(11.73)(13.04)(13.93)(13.83)
*
i,e Mean67.7667.0264.6166.36Quadratic
(liters/min)SD(11.52)(11.72)(9.62) (11.57)
*
milmm
RPE Mean13.8 13.413.0 13.2Quadratic
SD (1.4)(1.2)(1.2)(1.1)
*
RQ Mean0.94 0.93 0.92 0.92No Trend
SD (0.04) (0.04) (0.04) (0.05)
70:32 Mean 2.99 2.94 2.88 2.89No Trend
(liters/min)SD(0.52) (0.53) (0.50) (0.52)
i7e/1.702 Mean 21.4221.4021.4621.40No Trend
SD (2.34) (1.69) (2.64) (2.15)
Post Moe Comparisons:Croup means that have solid bars within the safe row (beneath the means and
SD's) do not differ significantly (a - 0.05).107
Table15:Relative'o2 (ml/kg/min) for All Subjects(n=25).
Subgroups 69
Seat-Tube Angle
76 83 90
1 SSc ST F, 46.98 46.75 46.10 47.75
2 S.ST, S,FL 38.99 38.62 39.40 39.15
3 S,ST Ss,F, 45.44 43.14 46.15 43.00
4 S,,ST, SaF, 45.96 45.78 41.70 43.79
5 S.ST, S.F, 49.11 48.54 47.71 48.50
6 S,,ST, ST F, 49.11 51.01 46.49 48.22
7 S.ST.STa F, 44.50 44.86 44.22 43.82
8 S.ST. ST.F, 46.29 45.99 43.50 43.85
9 S.ST, S.F, 46.52 44.88 45.59 46.20
10SST S.FL 38.62 38.73 38.79 37.58
11 S.ST, S,F, 44.72 45.46 44.65 46.92
12 S.S.ST,F, 49.29 46.22 46.50 48.15
13 S.ScS, 47.71 47.10 43.90 47.35
14 SWScS.F, 52.89 53.46 52.42 51.17
15SST, S,F, 43.70 43.53 42.63 43.19
16 S.ST, S,FL 58.10 58.08 59.65 58.88
17 STr STa FR 39.07 37.46 38.63 38.27
18 SaScST. FL 39.05 37.87 37.12 37.34
19 Sr TSTaFH 55.14 53.46 53.69 53.35
20 ST.STa 49.23 49.84 51.07 49.30
21 S.ST. S.F, 34.58 34.01 32.55 33.56
22 SaST, ST F, 51.73 52.21 54.92 52.34
23 S STa F, 45.05 40.90 42.18 41.39
24 S,,ST, S,FL 37.35 38.58 36.04 36.35
25 S,,ST, ST, F, 44.23 40.98 41.43 40.43OS
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Table 17:Heart Rate (beats/min) for All Subjects (n=25).
Subgroups 69
Seat-Tube Angle
76 83 90
1 S,ScST.F, 162.5 161.3 159.8 159.0
2 SSS.FL 162.3 161.5 164.3 162.3
3 SST,S.F, 154.3 147.5 149.8 148.0
4 S,,ST,STaFH 170.3 169.0 167.3 169.7
5 STrSsF, 151.2 157.2 152.0 154.3
6 S.ST,Sr,FE 170.8 169.5 168.3 175.7
7 SsSTr STaFH 156.5 144.3 160.0 156.7
8 S.STST.FE 122.8 120.8 120.2 120.5
9 S,SS. F., 139.7 133.8 135.0 130.0
10 S, S.FL 157.7 156.2 149.7 152.8
11 S,SS.F, 141.7 141.8 139.5 142.2
12 S.ScST.F, 154.0 147.2 143.3 146.0
13 S.S,S.FE 156.2 152.2 149.7 152.8
14 S,SoS.F, 156.2 159.0 156.7 156.8
15 S,SS.F, 148.3 147.7 151.2 151.2
16 S.ST,S.FL 153.2 152.0 154.5 148.3
17 S.ST,ST.F, 149.2 144.7 144.7 149.2
18 SrScST.FL 160.8 161.2 150.0 155.0
19 S.ST,STaFE 149.7 149.3 150.2 148.8
20 SsSTrSTaFE 167.7 166.2 166.0 163.8
21 STrSsF, 134.8 130.2 122.2 131.5
22 S,STrSTaFH 156.2 162.8 161.8 159.7
23 S,STr STaFL 162.0 147.3 152.7 144.8
24 SpSTr SsFH 146.8 139.3 132.7 134.0
25 SaSTr STaFH 138.8 135.0 132.8 131.0110
Table 18: Minute Ventilation (L/min) for All Subjects (n=25).
Subgroups
I 69
Seat-Tube Angle
76 83 90
1. SrScSTF, 62.96 62.22 60.41 60.86
2 Ste.S.FL 58.61 54.88 58.87 56.44
3 S.Ste.S.FE 60.42 53.48 54.85 53.71
4 SrST,ST,FE 87.12 83.25 67.99 77.74
5 Sr Si, TS,FE 83.12 80.52 80.02 81.99
6 SrSi,SFE 89.98 86.87 81.18 84.75
7 SrST,STFE 70.24 74.24 68.66 69.25
8 Sr Si, TSTF, 68.46 69.56 63.15 66.95
9 SrSTS,FE 54.42 62.19 62.20 63.00
10 SwST,S,FL 42.14 39.54 42.61 38.99
11 SrST,S,F, 75.09 76.38 72.37 82.82
12 S.S.STaFE 75.15 77.26 71.79 78.06
13 ScS,FE 68.20 65.44 62.36 66.75
14 S.S,55FE 59.30 56.11 54.72 57.19
15 S,,ST,S,FE 57.16 54.82 61.69 58.84
16 Sr S,FL 94.66 93.50 99.67 91.23
17 S,ST,ST.FE 55.13 52.47 54.92 53.42
18 SrScSTaFL 68.84 66.77 65.78 66.55
19 S,ST,ST,FE 80.69 79.08 78.75 79.98
20 STrSTaFE 65.31 64.31 65.21 65.07
21 SwSSsFE 54.22 49.31 50.23 48.81
22 SrST,STaFE 71.56 76.86 73.98 69.93
23 Si,ST.ST,FL 86.73 70.87 70.07 72.45
24 Sw Si, TS.F, 46.32 47.54 45.29 43.37
25 SrSSF, 70.33 68.51 62.39 64.76111
Table 19:Rating of Perceived Exertion (RPE) for All Subjects
(n=25).
Seat-Tube Angle
Subgroups 69 76 83 90
1 S.ScSm FR 12.0 12.0 12.8 12.0
2 S.ST. S.FL 14.8 12.8 12.5 12.7
3 Sy;ST. S.F, 15.7 14.3 14.0 14.0
4 S.ST. STa FH 14.7 13.7 13.3 13.7
5 SrST. S.F, 13.5 13.0 13.0 13.0
6 S.ST. S F, 14.5 15.3 12.5 15.5
7 SrST, ST, F, 12.0 12.2 10.3 10.8
8 S.ST. S F, 14.8 14.3 14.8 14.0
9 S. Sr TS.F, 16.7 15.0 15.7 14.0
10S ST. S.FL 14.3 15.0 14.3 14.8
11 SrST, S. F 14.0 13.7 13.7 14.0
12S S.ST. FR 13.5 14.5 12.7 13.5
13 S.S.S.F, 13.8 11.8 12.3 13.0
14 S.S.S.F, 12.0 12.5 12.2 13.7
15 S.ST. S.F, 13.0 12.0 13.0 12.5
16 SrST. S.FL 15.0 14.5 15.5 14.0
17 sT, Spa FE 12.0 11.0 11.0 11.0
18 SrS.ST, FL 11.0 9.8 12.0 11.0
19 SrST. ST. F, 13.0 12.5 12.8 13.0
20 S.ST. ST. F, 15.3 14.5 14.8 14.0
21S. S. S.F, 14.7 14.2 12.3 14.0
22 SrST. Su FE 12.0 12.2 10.3 10.8
23 Srsr.ST, FL 16.2 13.5 14.2 14.0
24S S. S F, 12.0 13.7 12.2 12.8
25 S.ST,STaF, 14.7 12.8 13.0 12.70
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Table 21:Respiratory Quotient (RQ) for All Subjects (n=25).
Subgroups 69
Seat-Tube Angle
76 83 90
1 S.S.ST,FE 0.92 0.92 0.92 0.91
2 S.ST,S. Fr, 0.96 0.96 0.99 0.97
3 SsST,S.FE 0.93 0.89 0.91 0.89
4 S,,ST.ST.FE 0.96 0.98 0.97 0.91
5 S,,STrS.FE 0.94 0.90 0.92 0.91
6 S,STrSTa 0.95 0.89 0.93 0.95
7 S.ST.STFE 0.91 0.93 0.88 0.74
8 S.ST.SuFH 0.88 0.89 0.91 0.93
9 S,SSsFE 0.88 0.89 0.89 0.90
10 S.ST.S.F, 0.95 0.95 0.94 0.92
11 Si.ST,SsF 0.98 0.99 0.90 0.95
12 S,,ScST,FE 0.89 0.85 0.84 0.88
13 S.S,S.FE 0.97 0.97 0.98 0.97
14 S.S.S.FE 0.98 0.98 0.97 0.98
15 S,,S.S.FE 0.98 0.93 0.93 0.92
16 Ss,STeS.F, 0.93 0.92 0.94 0.95
17 S.STrSF 0.97 0.95 0.96 0.95
18 S.SeST,F, 0.91 0.92 0.89 0.92
19 S.ST,STaFE 0.90 0.86 0.87 0.88
20 S.ST.SuFE 0.95 0.89 0.93 0.95
21SST,SsFE 0.96 0.92 0.95 0.97
22 S,,STeST.FE 0.94 0.96 0.95 0.96
23 S.STeST.F, 0.95 0.89 0.94 0.91
24SSTrSsFE 0.95 0.94 0.95 0.90
25 S,,S,SFE 0.96 0.95 0.93 0.92114
Table 22:Ventilatory Equivalent('./002)for All Subjects
(n=25).
Subgroups 69
Seat-Tube Angle
76 83 90
1 S,Sc Su F, 18.68 18.52 18.25 17.95
2 S,STr S.FL 28.45 26.77 28.17 27.13
3 S,S S, F 21.66 20.18 19.31 20.34
4 S,,S ST. FR 23.36 22.38 20.06 21.84
5 STr St,F 22.22 21.76 21.98 22.16
6 SnSTrSTaFE 24.45 23.42 23.06 23.48
7 STrSTaFR 18.88 19.80 18.56 18.92
8 STrSr,F1! 20.50 20.95 20.18 21.19
9 S,Sr SsF, 16.10 19.08 20.00 18.75
10 S,STr S.FL 18.90 17.65 18.94 17.89
11 S.S SsF, 23.32 23.29 22.41 23.43
12 S,S, Su F, 21.29 23.22 21.49 22.56
13 S.S,S,F, 20.98 20.39 20.86 20.67
14 S.S.S.FR 22.63 21.25 21.13 22.60
15 SwST, SsF, 26.22 25.26 28.96 27.37
16 S,S2,, S.FL 21.04 20.87 21.62 20.09
17 S.STr STaF11 20.64 20.50 20.80 20.39
18 ScSTaFL 22.28 22.26 22.37 22.48
19 STr STa F, 19.68 19.87 26.34 20.15
20 S,ST, S F, 19.73 19.91 19.70 20.33
21 S,,STrS,F, 24.53 22.72 24.15 22.81
22 S.STr STaFR 20.10 21.35 19.52 19.37
23 S,,,STrSTaFL 24.78 22.29 21.36 22.57
24 S.STr SsFR 23.51 23.30 23.71 22.70
25 S.Si, STaFE 19.87 20.95 18.85 20.05115
APPENDIX G
Figures Not Included in Chapter Four
Figure 28a:Relative Oxygen Consumption (ml/kg/min)
of men (n=18) vs Seat-Tube Angle (degrees).
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Figure 28b:Relative Oxygen Consumption (ml/kg/min)
of Triathletes (n=20) vs Seat-Tube Angle (degrees).
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Figure 28c:Relative Oxygen Consumption (ml/kg/min)
of Cyclists (n=5) vs Seat-Tube Angle (degrees).
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Figure 28d:Relative Oxygen Consumption (ml/kg/min)
for Taller Subjects (n=13) vs Seat-Tube Angle (degrees).
Figure 29a:Heart Rate (beat/min) for men (n=18) vs
Seat-Tube Angle (degrees).
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Figure 29b:Heart Rate (beats/min) for Cyclists
(n=5) vs Seat-Tube Angle (degrees).
Figure 29c:Heart Rate (beats/min) for Shorter
Subjects (n=12) vs Seat-Tube Angle (degrees).
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Figure 29d:Heart Rate (beats/min) for Women
(n=7) vs Seat-Tube Angle (degrees).
Figure 30a:Minute Ventilation (liters/min) for
Men (n=18) vs Seat-Tube Angle (degrees).120
Figure 30b:Minute Ventilation (liters/min) for
Taller Subjects (n=13) vs Seat-Tube Angle (degrees).
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Figure 30c:Minute Ventilation (liters/min) for
Cyclists (n=5) vs Seat-Tube Angle (degrees).121
Figure 30d:Minute Ventilation (liters/min) for
Women (n=7) vs Seat-Tube Angle (degrees).
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Figure 30e:Minute Ventilation (liters/min) for
Triathletes (n=20) vs Seat-Tube Angle (degrees).122
Figure 30f:Minute Ventilation (liters/min) for
Shorter Subjects (n=12) vs Seat-Tube Angle (degrees).
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Figure 31a:Relative Oxygen Consumption (ml/kg/min) vs
Seat-Tube Angle (degrees) for Flexibility Subgroups.
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Figure 31b:Heart Rate (beats/min) vs Seat-Tube
Angle (degrees) for Flexibility Subgroups.
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Figure 31c:Minute Ventilation (liters/min) vs Seat-
Tube Angle (degrees) for Flexibility Subgroups.
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